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Abstract

NF-kB-inducing kinase (NIK, MAP3K14) is an essential kinase linking a subset of TNF receptor
family members to the noncanonical NF-kB pathway. In order to assess the cell-intrinsic role of
NIK in murine T cell function, we generated mixed bone marrow chimeras using bone marrow
from NIK knockout (NIK KO) and wild type (WT) donor mice and infected the chimeras with
lymphocytic choriomeningitis virus (LCMV). The chimeras possess an apparently normal immune
system including a mixture of NIK KO and WT T cells, and the virus was cleared normally.
Comparison of the NIK KO and WT CD4 and CD8 T cell responses at 8 days post-infection
revealed modest but significant differences in the acute response. In both CD4 and CD8
compartments, there were relatively fewer activated (CDA44Ny NIK KO T cells, but within the
CD44N population, a comparable percentage of the activated cells produced IFN-y in response to
ex vivo stimulation with antigenic LCMV peptides, although IL-7R expression was reduced in the
NIK KO CD8 T cells. Assessment of the LCMV-specific memory at 65 days postinfection
revealed many more LCMV-specific WT memory T cells than NIK KO memory T cells in both
the CD4 and CD8 compartments, although the small number of surviving NIK KO memory T
cells responded to secondary challenge with virus. These results demonstrate a cell-intrinsic
requirement for NIK in the generation and/or maintenance of memory T cells in response to acute
viral infection.

Introduction

Determining the signals and signaling pathways that shape effector T cell responses and
generate long term T cell memory is essential for understanding the regulation of the
adaptive immune response as well as for effective vaccine design. In addition to antigen
recognition through the TCR and the initial costimulatory signal provided by CD28 ligands,
the continued proliferation, survival, and differentiation to effector and memory T cells
depends on the nature and availability of late costimulatory signals from receptors for
soluble cytokines, such as IL-2, IL-21, IL-12, and IFN-a (1), and from costimulatory TNF
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receptor family members (TNFRs3) (2, 3), such as OX40 (CD134), 4-1BB (CD137), and
CD27. These TNFRs engage multiple signaling pathways, including Akt/PI13K (4) and NF-
KB (5, 6), but little is known about which pathways regulate differentiation and survival of
memory and effector T cells.

The NF-kB family of transcription factors is essential for all arms of the immune system (7).
The ancient canonical NF-kB pathway is required for antigen receptor, cytokine, and innate
receptor signaling. In T cells deficient in essential components of this pathway, T cell
development is curtailed and residual T cells are severely crippled. The canonical signal is
transmitted within minutes and is rapidly inhibited by negative feedback mediated by the de
novo expression of inhibitors of kKB (IkBs), so this pathway is robust and rapid, but
transient. In contrast, the noncanonical or alternative NF-kB pathway that operates
downstream of a subset of TNFRs (8) is slower because it depends on new protein synthesis,
and it lasts for hours or days because it is insensitive to rapid feedback inhibition by
canonical IkBs. The noncanonical pathway is characterized by dependence on NF-kB-
inducing kinase (NIK, MAP3K14) (9). When TNFRs are engaged, NIK accumulates and
activates IKKa, which results in the processing of NF-kB2 from the inactive form (p100) to
the transcriptionally active p52 subunit (10). Unprocessed NF-kB2 (p100) acts as an
inhibitor of both the canonical and noncanonical pathways, so accumulation of NIK relieves
inhibition by p100 in addition to generating the transcriptionally active p52:RelB
heterodimers (11-14).

The noncanonical pathway has been shown to be activated by many costimulatory TNFRs
overexpressed in cell lines (15), but only recently has the noncanonical NF-kB pathway
been shown to play a T cell-intrinsic role in the T cell response to TNFR2 (16), 4-1BB (17),
and OX40 ligation (6, 18). Based on our finding that NIK is necessary for the costimulatory
activity of OX40 and for noncanonical but not canonical NF-kB activation by OX40, we
proposed that activation of the noncanonical NF-kB pathway downstream of NIK is
necessary in T cells to enable them to survive and acquire effector functions in response to
late costimulatory signals delivered through OX40 and perhaps other TNFRs (6).

Mice with lesions in NIK or other components of the noncanonical NF-kB pathway have
abnormal thymic structure and secondary lymphoid organs (owing to defective noncanonical
NF-kB signaling downstream of the lymphotoxin-f receptor and other TNFRs (19, 20)), a
severe deficit in mature B cells (owing to defective noncanonical signaling downstream of
the B cell activating factor receptor (BAFFR) (21)), and abnormal dendritic cell functions
(22-24), but T cell development and homeostasis is superficially normal, although NIK-
deficient mice accumulate anergic, memory phenotype CD4 T cells that interfere with /n
vitrotests of T cell function (11, 25). T cell mediated autoimmunity and immunodeficiency
in NIK-deficient mice has been attributed to defects in lymphoid organ structure (19, 26, 27)
or other cell types (22, 23, 28, 29). However, T cell transfer studies have indicated an
intrinsic requirement for NIK in T cells in mouse models of arthritis (30), experimental
autoimmune encephalomyelitis (31), and graft versus host disease (6).

NIK-deficient T cells have not yet been examined in a system that allows assessment of cell-
intrinsic defects in responses to infection and generation of memory. To do so, we generated
mixed bone marrow chimeras using NIK-deficient (NIK KO) and wildtype (WT) bone
marrow in WT hosts. In these animals, the T cells develop in a normal environment with
normal lymphoid organs, B cells, and dendritic cells. The mixed chimeras are stable and

3Abbreviations used in this article: LCMV (lymphocytic choriomeningitis virus); NIK (NF-kB inducing kinase); KO (knockout);
TNFRs (TNF receptor family members); WT (wild type, mice or cells that possess an unaltered C57BI/6 genome excepting the
congenic markers CD90.1 (Thy1.1) or CD45.1); IkBs (inhibitors of kB).
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possess mature naive T cells from both NIK KO and WT donors. Following infection with
LCMV Armstrong, infectious virus was undetectable in blood at day 8 post-infection,
indicating that LCMV was controlled normally in the bone marrow chimeras. The NIK KO
T cells made a robust primary LCMV-specific response, measured by MHC/peptide binding
and cytokine production, although numbers of responding NIK KO T cells were lower than
WT. However, at 65 days post-infection, we found dramatically fewer LCMV-specific NIK
KO memory T cells than WT memory T cells in both the CD4 and CD8 compartments,
although the small number of surviving NIK KO memory T cells responded to secondary
challenge with virus. Thus we have demonstrated a cell-intrinsic requirement for NIK in the
development and/or maintenance of T cell memory following an acute viral infection.

Materials and Methods

Mice

C57BL/6 mice and C57BL/6 congenic for CD45.1 or CD90.1 (Thy1.1) were purchased from
The Jackson Laboratory (Bar Harbor, Maine) and bred in our facility. C57BL/6 NIK KO
mice were a gift from Robert Schreiber (Washington University School of Medicine) (19)
and CD45.1* SMARTA mice (32) were a gift from Lindsay Whitton (The Scripps Research
Institute). We crossed NIK KO mice with SMARTA transgenic mice. Briefly, NIK KO
males were bred to CD45.1* SMARTA* females, and CD45.1* SMARTA* progeny were
bred back to NIK KO males. CD4* cells were isolated from the spleens of NIK KO,
CD45.1* SMARTA mice via negative selection, and 2x10% cells were transferred to
Thy1.1* mice with equal number of WT SMARTA T cells 24h before virus infection. Mice
were used in accordance with National Institute of Health guidelines under an animal
protocol approved by the Oregon Health & Science University Institutional Animal Care
and Use Committee.

Generation of mixed bone marrow chimeras

Virus

Thy1.1* or CD45.1* mice were irradiated with 1,100 rads of gamma radiation (split dose)
and reconstituted by transfer of 5x10° of a 1:1 mix of NIK KO and CD45.1* or Thy1.1*
C57BL/6 bone marrow cells. To help protect against opportunistic infections the mice were
treated with ciprofloxacin for 4 weeks following irradiation. The mice were then allowed to
recover for an additional 4 weeks before use. Pre-infection chimerism was assessed by flow
cytometry of blood mononuclear cells in all animals and in other organs by euthanizing a
cohort of uninfected animals.

Naive mice received 2x103 PFU of LCMV Armstrong intraperitoneally. Previously
challenged mice received between 1x10° and 2x106 PFU of LCMV Armstrong
intraperitoneally to assess recall responses.

Tetramer Staining

Tetramers were provided by the NIH Tetramer Core Facility (Emory Vaccine Center,
Atlanta, GA). Staining with the gp66—77:1-AP tetramer was performed at 37°C for 1 hr in
RPMI 1640 containing 5% FCS, followed by washing and cell-surface staining for CD4,
CD8, CD45.1, CD45.2, CD44 and Thy1.1. Tetramer fluorescence was normalized to
samples stained with control tetramer, hCLIP:1-AP. Staining with the NP396-404:DP
tetramer was performed at 4°C for 1 hr in RPMI 1640 containing 10% FCS, followed by
washing and cell-surface staining for CD4, CD8, CD45.1, CD45.2, CD44 and Thy1.1. Cells
were kept on ice and stained with LIVE/DEAD fixable dead cell stain (Life Technologies,
Grand Island, NY) and then fixed overnight at 4 degrees in 0.4% paraformaldehyde.

J Immunol. Author manuscript; available in PMC 2014 October 01.
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Ex vivo stimulation, flow cytometry and intracellular cytokine staining

Results

For intracellular cytokine analysis, 108 splenocytes were cultured in the presence of
brefeldin A and peptide at the indicated concentration for 5h at 37°C. Control cultures
received media alone or were cultured with PMA (30nM) and 65ng/ml ionomycin. Cultures
were then washed and stained for the surface antigens CD4 (clone RM4-5), CD8 (clone
53.6-7), CD45.1 (clone A20), CD45.2 (clone 104), CD44 (clone IM7) and Thy1.1 (clone
HIS51) (eBioscience). The cells were stained for intracellular cytokines using the Cytofix/
Cytoperm kit (BD/Pharmingen) according to the manufacturer's instructions. Antibodies
used for intracellular cytokine detection were anti-IFN-y (clone XMG1.2), and anti-TNF-a
(clone MP6-XT22) (eBioscience). KLRG-1 was stained using a biotin labeled antibody
(clone 2F1, BD Pharmigen) and streptavidin conjugated to APC (eBioscience). IL-7Ra was
stained with anti-CD127 (clone A7R34) conjugated to PE (ebioscience). Foxp3 was stained
with the eBioscience mouse regulatory T cell staining kit (eBioscience).

Characterization of NIK KO:WT chimeras

In order to test the T cell intrinsic role of NIK in response to a viral infection, we generated
mixed bone marrow chimeras. Mice congenic for the Thy1.1 allele (or, in some experiments,
mice heterozygous for CD45.1 and CD45.2) were lethally irradiated and rescued by transfer
of an equal mixture of bone marrow cells from NIK KO (CD45.2) and WT B6 (congenic
CD45.1) mice. The relative repopulation of the donor T cell compartment varied somewhat
from experiment to experiment, as well as between mice within an experiment (Fig. 1 and
Table 1). Analysis of the mature B-cell (CD19"B220") population in the bone marrow
revealed a near absence of mature NIK KO B-cells (Fig. 1C and Table I), which we
attributed to the requirement for NIK downstream of the BAFFR for survival of mature B-
cells (21). The requirement for NIK and the non-canonical pathway for normal maturation
and activation of professional antigen presenting cells, such as dendritic cells and
macrophages, leads to dominant effects on T cell function. In our model the NIK KO cells
made up less than 30% of the CD11¢*/~CD11b*CD45+*CD8" population in naive chimeras
(data not shown). We did note a larger contribution of surviving recipient cells to the
CD11c*'~CD11b*CDA45* population than to the T and B cell populations in both infected
and uninfected chimeras (data not shown).

The NIK KO T cell population resembled the WT population in most respects before
infection. The ratio of NIK KO to WT cells was the same in both the CD4* and CD8*
populations (Table 1), and the cells did not have aberrant expression of activation markers
such KLRG-1 and CD11b, although there was a trend to lower IL-7R in the NIK KO CD8 T
cells (discussed below). Notably, the NIK KO population had significantly fewer CD8*
CDA44Mi cells (Table I) and Foxp3* CD4™ regulatory T cells than the WT controls (data not
shown and S.E.M., manuscript submitted).

NIK KO CD4 T cells show a defective memory response upon acute viral infection

We challenged the chimeras with 2 x10° pfu of LCMV Armstrong in order to induce a
robust T cell response. Virus was undetectable in blood from chimeras at 8 and 65 days
post-infection (data not shown), indicating that the presence of WT bone marrow-derived
cells restored normal control of virus infection, which was shown to be defective in single
NIK-deficient into WT bone marrow chimeras (29).

The relative contribution of NIK KO and WT donors to the total CD4 population was
measured in the blood 10 days before infection and in the spleen at day 8 postinfection, and
it did not change in a consistent or significant fashion following infection (data not shown).
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CDA44 expression was used to distinguish naive cells from effector/memory phenotype cells
within the CD4 population. LCMV infection resulted in an increase in the percent CD44Ni
cells within the CD4" T cell population compared to naive controls. In four independent
experiments, there was a significantly smaller percentage of CD44Ni cells within the NIK
KO CD4 population compared to WT cells on day 8 post-infection (Fig. 2A-B). When we
examined the memory CD4* T cells at day 65 post-infection, the percent CD44M cells in the
NIK KO population was further reduced compared to the WT population (Fig. 2C-D). The
mice were rechallenged 60 days postinfection and the immune system was assessed at the
peak of the recall response 5 days following rechallenge (33). The percent CD44M cells was
also significantly reduced 5 days following rechallenge (Fig. 2E & F). This indicates a
significant decrease in the effector/memory phenotype population among NIK KO cell
following an LCMV infection.

We next sought to determine whether this decrease was due to a lack of LCMV-specific
effector/memory cells or to a NIK dependent modulation of CD44 expression on T cells. Ex
vivo stimulation with LCMV-specific peptides as well as tetramer staining revealed that all
the LCMV-specific cells were CD44M (data not shown). Ex vivo stimulation with LCMV
peptides allowed us to assess the function of LCMV-specific responders within the CD44Mi
population. Although there were fewer NIK KO CD44M cells on day 8, there was not a
significant difference in the frequency of NIK KO CD4* CD44Ni effector cells able to make
IFN-y in response to the dominant CD4 LCMYV epitope, GP67, or a subdominant CD4
epitope, NP309 (34) (Fig. 2G-H). Stimulation of the polyclonal population with PMA and
ionomycin also revealed no difference in the ability of effector/memory CD4 cells to make
IFN-y (Data not shown). However, despite the robust LCMV-specific response at 8 days
post-infection there was a relative lack of CD4* LCMV-specific responders within the
CD44" memory phenotype population at 65 days post-infection (Fig. 21 & J). Following
rechallenge, the NIK KO memory phenotype population also had significantly fewer
LCMV-specific responders as measured by IFN-y production, although the frequencies of
both wildtype and NIK KO GP67-specific T cells increased in response to rechallenge (Fig.
2K & L).

The ability of the CD4 responder population to survive as memory cells has been previously
linked to the relative avidity of the cells for peptide/MHC complexes (35). The dominant
CD4 epitope during an LCMV response in B6 mice is GP67 (32, 34). Using GP67-MHC
tetramers, we measured the relative avidity of the polyclonal population for the GP67-MHC
peptide complex (Fig. 3A, upper panel). At day 8 postinfection, the NIK KO and WT
CD4*CD44N population had nearly identical avidity for the peptide/MHC complex, and the
proportion of NIK KO GP67-specific cells was comparable to WT, although the efficiency
of detection with tetramers was substantially lower than by intracellular IFN-y. It was also
important to determine if the lack of NIK KO cytokine producers at 65 days post-infection
(Fig. 2) was due to a lack of LCMV-specific cells or an inability of the cells to make IFN-y.
Perhaps NIK KO LCMV specific cells differentiated into non-1FN-y producing cells. Using
GP67 tetramers in titration we also noted that the relative numbers of GP67-specific CD4
cells in the CD44"i population was significantly reduced in the NIK KO population
compared to the WT memory population (Fig. 3A, lower panel). Therefore, the NIK KO
LCMV-specific clones did generate effectors but did not persist as memory cells.

We next compared the quality and sensitivity of the NIK KO cells to the WT cells by
comparing the cytokine response to different levels of peptides. We measured the ability of
CDA4 cells to make TNF-a 8 and 65 days following infection. Titration of the GP67 peptide
demonstrated that we had reached a saturating concentration. While there was no difference
within the CD44M population in IFN-y production (Fig. 2) or tetramer binding (Fig. 3A) at
day 8, there were fewer TNF-a-producing cells among the NIK KO T cells (Fig. 3B). TNF-
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o production at day 65 post-infection and day 5 following rechallenge was also significantly
lower in NIK KO T cells in all experiments. We also observed that the NIK KO memory
cells at day 65 post-infection were unresponsive to the lower concentrations of peptide (Fig.
3B), suggesting a selective loss or anergy in high affinity T cells.

Could the differences we observed up until this point be due to a lower precursor frequency
of LCMV reactive clones within the naive NIK KO T cell compartment owing to a shift in
the T cell repertoire of the NIK KO T cells? To answer this question we crossed NIK KO
mice with SMARTA transgenic mice in which all the CD4* T cells express a TCR specific
for the LCMV peptide GP67. We then adoptively transferred purified SMARTA cells of
both genotypes together into naive mice and challenged the mice. After injection of equal
numbers of NIK KO and naive SMARTA cells, the NIK KO SMARTA population was
significantly smaller than the WT SMARTA population on day 8 following infection (Fig.
4A). However, we found that the NIK KO cells all upregulated CD44, bound tetramer with
the same efficiency as WT, and produced IFN-y and TNF-a as efficiently as WT cells (Fig.
4B and data not shown). Thus the NIK KO SMARTA CD4 cells do not proliferate as well or
do not survive as well as WT upon challenge, and the differences we observed in the
polyclonal responses on day 8 were not likely to be owing to differences in TCR repertoire.
Despite repeated attempts, we were unable to recover either wildtype or NIK KO SMARTA
T cells on day 30 following infection, so we could not assess memory cell development.

NIK KO CD8 T cells show a defective memory response upon acute viral infection

The percent NIK KO cells in the total donor CD8 population was measured before infection
in the blood and at the peak of the LCMV CD8 response in the spleen. Following infection
there was a significant decrease in the percent NIK KO cells in the total CD8 population
(Fig. 5A). The ratio of NIK KO to WT cells in uninfected mice was not significantly altered
over the period (Fig. 5A). The LCMV response was reduced in the NIK KO population
compared to the WT population at 8 days post-infection as measured by the percent CD44f‘I
cells following infection (Fig. 5B & C). At 65 days following infection the percent CD44M
cells within the total NIK KO CD8 population had fallen back to levels close to or below
that found in naive animals (Fig. 5D & E). However, within the CD44" population at 8 days
post-infection, the percentage of LCMV-specific responders as measured by NP396 tetramer
staining was comparable between genotypes (Fig. 5H). The absolute number of NP396 CD8
NIK KO responders was less than WT at day 8 (Fig. 51), but this difference reached
statistical significance only in a single experiment, owing to variation in the degree of
relative chimerism from animal to animal. When we examined the memory cells, we found a
dramatic drop in the relative number of the NIK KO NP396* cells at day 65 post-infection.
The number of NP396 specific responders in the WT population was 7 and 7.5 times lower
on day 65 than on day 8, whereas the average number of NIK KO NP396 responders on day
65 was 34 and 83 times lower than on day 8 as determined by tetramer binding in the two
experiments presented (Fig. 5SH-K). The magnitude of this difference varied from
experiment, but in all cases the decrease in the NIK KO cells was between 5 and 10 times
greater than the decrease in the WT cells between day 8 and day 65 post-infection.
Following rechallenge there was an increase in both WT and NIK KO NP396* responders in
the spleen, and the fold change was comparable between the two populations (Fig. 5J-M).

We next sought to examine the ability of CD8 cells to produce cytokines in response to
LCMV-specific peptides. We found that although the contribution of NIK KO cells to the
total CD44" CD8* population was reduced at day 8 post-infection compared to the WT
population (Fig. 5), within CD44Mi cells, the NIK KO CD8 response to LCMV was
nevertheless robust and appeared to reflect the same pattern of clonal dominance as the WT
population (Fig. 6A & B). However, within the memory phenotype population at 65 days
post-infection there were far fewer LCMV-specific responders within the NIK KO
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population compared to the WT population as measured by the number IFN-y producing
cells 65 days post-infection and 5 days following rechallenge (Fig. 6C-F), taking into
account the lower proportion of NIK KO CD44M cells (Fig. 5D-G). As with the CD4
population, we found that the CD8+ NIK KO T cells appear to be more deficient in their
ability to differentiate into TNF-a producing cells than IFN-y following ex vivo stimulation
with LCMV-specific peptide (compare Fig. 6B, D, & F with Fig. 6H, J, & L). These data
demonstrate that NIK is required for the generation and/or maintenance of T cell memory
during an LCMV infection.

Decreased IL-7R expression among activated NIK KO CD8 cells

At day 8 post LCMV infection, IL-7R is a marker of CD8 memory cell precursors, while
KLRG-1 marks terminally differentiated effector cells (36). To determine whether the
selective loss of NIK KO CD8* memory cells we saw at day 65 might be reflected in a loss
of IL-7RN, KLRG-1!° memory cell precursors at day 8, we assessed IL-7R and KLRG-1
expression among CD8* cells in naive mice and 8 days post-infection (Fig. 7A). We
observed lower expression of IL-7R in NIK KO (Thy1.1"¢9) CD8 T cells compared to the
WT population in naive mice and at day 8 post-infection, however, the difference was not
significant in naive mice (Fig. 7A). The lower IL-7R expression in NIK KO CD8 T cells at
day 8 post-infection occurred without a corresponding increase in KLRG-1" short-lived
effector cells. Instead, in three of four experiments (two experiments are not shown), there
were also significantly fewer KLRG-1" cells in the NIK KO population. Low IL-7R
expression may account at least in part for the disappearance of most of the NIK KO
memory CD8 cells by day 65.

Discussion

Based on our finding that NIK is necessary in CD4 T cells for both noncanonical NF-kB
activation and for costimulation of survival and effector cytokine production downstream of
OX40in CD4 T cells (6), we proposed that NIK may be more generally necessary in
costimulatory signaling pathways in T cells leading to optimal immune responses to
infection. A previous attempt to characterize the immune response to LCMV in bone
marrow chimeras made with NIK-deficient bone marrow identified defects in the antibody
response attributed to B cell deficiency (29), but failed to identify a cell intrinsic role for
NIK in T cells. Using mixed bone marrow chimeras, which possess WT APCs and B cells, a
normal thymus, and normal secondary lymphoid organs, we have identified a cell-intrinsic
role for NIK in T cells in response to LCMV infection. Although NIK KO T cells
participated in the acute response to virus infection, numbers of responding NIK KO T cells
were somewhat reduced compared to WT T cells in the same animals (Fig. 2 and Figs. 4-6).
As expected for a lesion in late costimulatory pathways, the most dramatic effects of NIK
deficiency in T cells occurred during the memory phase of the immune response. The
magnitude of the decrease in the number of LCMV specific CD8 WT between 8 and 65 days
post-infection varied from experiment to experiment and varied slightly depending on the
epitope and means of analysis. For example in the data presented in Fig. 5, the number of
NP396 tetramer positive cells decreased by a factor 7 and 7.5 respectively in the WT cells
between 8 and 65 days post infection. In contrast, the reduction in the average number of
LCMV-specific NIK KO T cells was much greater, decreasing by a factor 34 and 83
respectively.

Our finding that NIK is necessary in T cells for the generation of a robust memory response
raises the question of the identity of the upstream and downstream components of the NIK-
dependent signal. Beginning upstream, costimulatory members of the TNFR family are
major players in enabling T cell memory responses. Members of this family expressed on T
cells include 4-1BB, OX40, GITR, CD27, DR3, HVEM, TNFR2, TL1A, and CD30 (2, 3).

J Immunol. Author manuscript; available in PMC 2014 October 01.
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Most of them have been shown to activate the NIK-dependent noncanonical NF-kB pathway
when overexpressed in a cell line (15), and TNFR2, 4-1BB, and OX40 have been shown to
do so in primary T cells (6, 16-18). Ligation of TNFRs, specifically CD27, 4-1BB, and
0OX40, on activated CD8 T cells promotes long-term CD8-mediated immunity (37-43). CD8
T cells lacking 4-1BB or CD27 differentiate into effectors and appear to carry out effector
functions, but just as we found with NIK KO cells, their expansion was several fold less
than that of WT cells (39, 44). CD4 and CD8 T cells in CD27 KO mice accumulate poorly
compared to WT controls following infection with influenza, but the surviving cells make
cytokines and effectors molecules just as efficiently as their CD27-sufficient counterparts
(39). CD27 KO CD8 T cells also failed to persist as memory cells following an influenza
infection, and CD8 memory cells transferred into 4-1BBL KO host also failed to persist (45,
46). The role of TNFRs is not limited to CD8s, as 4-1BB and OX40 have been found to play
a role in the generation or maintenance of CD4* memory T cells (47-50). Thus, the
phenotype of NIK KO T cells during and following acute viral infection in our mixed
chimeras resembles the phenotypes of cells lacking a TNFR family member.

However, while the various TNFR KOs appear to have similar phenotypes, they are not
redundant (47). The various TNFRs and their ligands are expressed by and/or available to T-
cells at different times during the immune response, allowing T cells to continue to monitor
and respond to other cells in the environment (2). For example CD27 is expressed on naive
T cells and down regulated on active CTLs, but 4-1BB, GITR and OX40 expression is
induced by TCR ligation or IL-15 (46, 51, 52). Knocking out both OX40L and 4-1BBL (47)
or both CD27 and OX40L or 4-1BBL (53) has synergistic effect on the T cell response. Like
our NIK KO T cells, the double KO mice differ mildly but significantly (in some but not all
organs) from the WT during the peak of a viral infection, but the magnitude of the difference
between KOs and WT mice is much greater during the memory phase of the T cell response
(53). Additionally many of the aforementioned KO studies showed changes in only a single
population, CD4 or CD8, indicating a different requirement for TNFR ligands between the
two populations. Our study showed dramatic, similar differences in both CD4 and CD8 T
cells. Thus, we believe NIK may serve as a nexus for all the complementary costimulatory
TNFR signals.

Looking downstream of NIK, the best characterized target is p100, the product of the NF-
KB2 gene. The cleavage of p100 by NIK-dependent IKKa activity has multiple effects on
NF-kB signaling. First, full length p100 is an inhibitor of both canonical and noncanonical
NF-kB signaling (11-14, 54). Second, cleavage of p100 produces the active p52 subunit,
which pairs preferentially with RelB to produce active, nuclear p52:RelB heterodimers, and
potentially other active heterodimers (55). Downstream of NF-kB is a host of cytokines,
chemokines, additional effector molecules, cytokine receptors, survival factors, transcription
factors, and chromatin remodeling machinery that may account for many of the
costimulatory effects of the TNFR family members (8). Our own recent study found that
overexpression of NIK in T cells alone was sufficient to cause a potent and lethal
inflammatory disease, owing to hyperactive effector T cells and poorly suppressive Foxp3*
regulatory T cells (6). A recent paper examining a lesion in the pathway that degrades NIK
found that the accumulation of NIK in T cells leads to CD28-independent activation through
the TCR and lethal inflammation in the face of Toxoplasma gondii challenge owing to
overexpression of inflammatory cytokines (14).

Although we believe for the reasons stated above that the dominant effect of NIK KO and
NIK overexpression in T cells is owing to modulation of NF-kB downstream of
costimulatory TNFRs, other possible upstream regulators and downstream targets of NIK
should be noted (56). NIK has been implicated in the costimulatory activity of CD28 leading
to IL-2 transcription (57, 58), and NIK has been shown recently to play a role in the
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activation of the STAT3 pathway in T cells downstream of TCR and IL-6R leading to Th17
differentiation (31) and in epithelial cells downstream of HVEM (59). NIK activity has been
shown to be necessary for proper T cell homing in response to chemokines (60). Akt/PKB
and other signaling pathways have been identified and are likely to be necessary
downstream of costimulatory TNFRs (3). Further work will be required to link the
physiological effects of lack of NIK activity in T cells to decreased signaling from
costimulatory TNFRs to NF-kB.

NIK and noncanonical NF-kB are known to be essential for naive B cell homeostasis and
survival of plasmablasts downstream of the BAFF receptors (21, 61), but their role in T cells
was not appreciated. Here we show that NIK is a necessary part of the cell-intrinsic
molecular program for generation of both CD4 and CD8 T cell memory in response to acute
viral infection. We suggest that NIK may be a common, necessary component of late
costimulatory signals through TNFRs and perhaps other cytokines (62) that shape T cell
responses and enable the responding T cells to survive as memory cells.
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FIGURE 1.

Characterization of chimeras. Thymus, spleen and bone marrow were harvested from mixed
WT and NIK KO bone marrow chimeras 2 months following irradiation and bone marrow
transplantation. Thymocytes (A) and splenocytes (B) were stained for CD8, CD4, Thy1.1
(recipient), CD45.1 (WT cells), and CD45.2 (NIK KO cells), and gated on Thy1,1negative
donor cells. C) Bone marrow was stained for CD19, B220, CD45.1 and CD45.2. The
percent NIK KO cells in the mature (CD19"B220M) and immature B-cells (CD19°B220/0)
is shown.
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FIGURE 2.
The CD4 T-cell response to virus infection. Spleens were harvested from mixed bone
marrow chimeras 8 or 65 days following infection with LCMV Armstrong. Rechallenged
mice were injected with a ten fold greater dose of LCMV Armstrong at 60 days post-
infection and their spleens were harvested 5 days later. A) Representative plots of donor
CDA4*Thy1.1ne9ative splenocytes 8 days post infection. The splenocytes were stained directly
ex vivo for CD45.1 (WT) and CD45.2 (NIK KO), and the percent CD44M cells within each
CD4 population was determined. B) Each symbol represents a single mouse 8 days post-
infection, and the two cohorts represent two independent experiments. A significant
difference (p<0.05) in the percent CD44Ni within the CD4* population between the WT and
NIK KO populations is indicated by an asterisk. C) Representative splenocytes from a
mouse at day 65 post-infection. D) The percent CD44M cells within the CD4* donor
populations at day 65 post-infection. E) Representative splenocytes from a mouse 5 days
following rechallenge on day 60. F) The percent CD44M cells within the donor CD4*
populations 5 days following rechallenge on day 60. G) Splenocytes were cultured for 5
hours with GP67 in the presence of brefeldin A and stained for intracellular -y. Dead cells
were excluded by fixable vital dye and the cells were gated on the donor
CD4*Thy1.1negativecpaghi population. H) The percent IFN-y* cells within the CD44M
populations 8 days post infection following stimulation with LCMV peptides GP67, NP309
or medium alone. 1) IFN-y expression by ex vivo stimulated splenocytes 65 days post-
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infection. J) The percent IFN-y* cells within the CD44M populations 65 days post infection.
K) Percent IFN-y* cells within the CD4*CD44M donor population 5 days following
rechallenge on day 60. L) The percent IFN-y* cells within the CD44M populations 5 days
following rechallenge on day 60. Asterisks indicate significant differences (p<0.05) between
NIK KO and WT T cells.
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Tetramer binding and TNF-a production by CD4 T cells responding to virus infection. A)
GP67 tetramer binding by splenocytes was measured at the tetramer dilutions indicated on
the x axis, and the values were adjusted for nonspecific tetramer binding. The percent
tetramer* cells within the CD44MCDA4* donor cells at each tetramer concentration was
determined at 8 days post-infection (upper panel) and at 65 days postinfection and 5 days
following rechallenge (lower panel). B) Splenocytes were cultured for 5h with brefeldin A
in the presence of varying concentrations of GP67, and TNF-a production was determined
by intracellular staining. Cells were gated on live CD4*CD44Mi donor cells. The percent

J Immunol. Author manuscript; available in PMC 2014 October 01.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rowe et al.

TNF-a* cells within CD4*CD44N populations was determined at 8 days and 65 days
following infection and at 5 days following rechallenge.
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FIGURE 4.

The deficit in the NIK KO CD4 response is not due to changes in the clonal repertoire. A)
Naive NIK KO and WT SMARTA cells were transferred to congenically marked naive mice
in a 1:1 mixture. At 24h post-transfer the mice were challenged with LCMV Armstrong, and
expansion of the SMARTA cells was assessed 8 days postinfection. Each symbol represents
a single mouse, and the two cohorts represent two independent experiments. There were
significantly fewer NIK KO SMARTA cells than WT SMARTA cells. B) Splenocytes were
cultured for 5h with brefeldin A and GP67 peptide, and stained for intracellular cytokines.
There was not a significant decrease in cytokine production in NIK KO SMARTA cells
compared to WT cells.
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FIGURE 5.

The CD8 response to virus infection. A) The percent NIK KO (CD45.2%) cells within the

CD8™* donor population was determined in blood 10
8 days post-infection. B) Splenocytes were stained d

days prior to infection and in the spleen
irectly ex vivo and gated on

CD8*Thy1.1ne9ative donor cells. WT and NIK KO populations were determined based on the
expression of CD45.1 and CD45.2 respectively. C) The percent CD44N" CD8* was
determined at day 8 post-infection. Each symbol represents a single mouse, and the two

cohorts represent separate experiments. Significance

(p<0.05) was determined by comparing

the percent CD44Ni within the CD8* population between the wildtype and NIK KO

J Immunol. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rowe et al.

Page 20

populations. D) Representative splenocytes at day 65 postinfection. E) Percent CD44M cells
within the CD8* population at 65 days post-infection. F) Representative splenocytes 5 days
following rechallenge. G) Percent CD44M cells within the CD8* population 5 days
following rechallenge. H) NP396 tetramer was used to identify LCMV specific responders.
Cells were gated on live CD8*Thy1.1me9ativeCcp44hi donor cells and the percent NP396*
cells at 8 days following infection was determined. I) A comparison of the absolute number
of NP396* CD8* cells from each genotype in two experiments 8 days following infection.
J) The percentage of NP396+ cells in the NIK KO and wildtype populations 65 days post
infection. K) The absolute number of NP396* CDS8 cells of each genotype 65 days following
infection. L) The percentage of NP396 specific cells in the activated CD8" population 5
days following rechallenge. M) The absolute number of NP396* CD8 cells from each
genotype 5 days following rechallenge.
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FIGURE 6.

Cytokine production in the CD8 T cell response to virus infection. A) IFN-y production by
CD8 cells was assessed by intracellular staining following a 5hr incubation with GP33 and
brefeldin A. Samples were gated on live CD8+*CD44M donor cells and the percent IFN-y
producing cells in the activated WT and NIK KO CD8 populations was determined. B) The
percent IFN-y producing cells in the activated CD8 population in response to ex vivo culture
with the dominant CD8 peptides 8 days following infection. Data are representative of 4
independent experiments (n=8). C, D) The percent IFN-y producing cells in the activated
CD8 population 65 days following infection. E, F) The percent IFN-y producing cells in the
activated CD8 population 5 days following rechallenge. G—L ) The percent TNF-a
producing cells was determined by culturing splenocytes from the same mice assayed in A
—F for 5h with LCMV peptides. The analysis was conducted on events within the live
CD8*CD44" donor population. Data are representative of 2 experiments.
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FIGURE 7.

Decreased IL-7R expression among activated NIK KO cells. Splenocytes were stained for
CD8, CD45.1, Thyl.1, IL-7R, CD44 and KLRG-1. A) Two representative plots illustrate the
difference in IL-7R expression on CD8™" cells between NIK KO (Thy1.1-) and wildtype
(Thy1.1+) cells. B) NIK KO (left panel) and wildtype (right panel) CD44"CD8* cells were
analyzed for the presence of IL7R and KLRG-1 8 days post-infection. C) There was a
significant (p<0.05) decrease in the percent IL-7R expressing cells within the CD44NiCD8*
cells 8 days post-infection, and a significant decrease in the percent KLRG-1M within the
CD44NCcD8* 8 days post infection in one of two experiments shown, and in three of four
total experiments.
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Contribution of NIK KO cells to reconstituted cell populations

Thymus
DP
DN
CD8SP
CDA4SP

Bone
marrow

7 Mature B-cells

Immature B-cells
Spleen

CD4*
cDsg*

7 B-cells
CD4*CD44N

§ cCD8*CD44"

NIK KO *
AVERAGE

4538

50.2

46.7

434

8.3
43.0

41.7
41.8
7.3
36.0
34.4

SEM
4.27
6.38
3.43
3.63

3.34
10.50

2.82
0.94
121
5.32
0.84

TABLE |
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*
Values are the percent NIK KO of the total donor cells in each subpopulation, derived from the average of five naive mice assessed two months

following reconstitution with same bone marrow cell mixture. The data are representative of four independent experiments.
fThe percent NIK KO is significantly lower than in the immature B-cell population in the bone marrow (p<0.01).

§The percent NIK KO cells in this population is significantly lower than in the parent population (total CD8).
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