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Abstract
A third signal is required for maturation of effector CD8 CTL in addition to TCR and CD28
engagement. Inflammatory cytokines can provide a third signal however in non-pathogen settings
(i.e. anti-tumor responses), the identity of the third signal is not clear. A useful model for in vivo
CD8 CTL in the absence of exogenous pathogens is the alloantigen driven parent-into F1 model of
acute graft-vs.-host disease (GVHD) characterized by a strong TNF-dependent donor anti-host
CD8 CTL T cell response. To determine whether TNF acts directly on donor T cells in a signal 3
manner, F1 mice received TNF receptor p55 knock out (KO) and/or p55 KO donor T cells. Donor
p75 K but not p55 KO donor T cells failed to induce acute GVHD phenotype and instead induced
a lupus-like chronic GVHD both short and long term due to quantitative and qualitative donor T
cell defects i.e. reduced perforin, IFN-g and TNF production. Transfer of mixed or matched
purified CD4 and CD8 T cells from WT or p75KO donors demonstrated that optimal CTL
maturation required p75 signaling in both CD4 and CD8 T cells. Despite defective p75 KO CD4
help for CD8 CTL, p75KO CD4 help for B cells and autoimmunity was intact. These results
provide a mechanism by which impaired CD8 CTL could contribute to reduced anti-viral and anti-
tumor responses and autoimmunity reported in patients receiving TNF blockers. Our results
support the idea that selective p55 blockade may be beneficial by reducing inflammation without
compromising CD8 CTL.
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Introduction
In addition to TcR and CD28 mediated signals, CD8 T cells require a third signal to mature
into effector CTL and avoid apoptosis (1, 2). In pathogen models, IL-12 and IFN-a have
been shown to act in a signal 3 manner and directly promote CD8 CTL effector function,
however the relative importance of either molecule varies with the pathogen (3). CD8 CTL
play an important role in elimination of certain pathogens, typically accompanied by
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activation of the innate immune system and endogenous IL-12 or IFN-a. However, CD8
CTL arising in the non-pathogen setting (i.e. anti-tumor responses) likely occurs in the
absence of IL-12 and IFN-a and may therefore use other molecules as a third signal.

A useful model for generating in vivo CD8 CTL in the absence of pathogen infection is the
parent-into-F1 (p→F1) model in which homozygous parental strain T cells are transferred
into normal non-irradiated F1 mice (reviewed in (4, 5). For example, the transfer of C57Bl/6
(B6) splenocytes into B6D2F1 hosts (B6→BDF1) initially results in donor CD4 T cell
recognition of F1 host allogeneic MHC II and the provision of help to: 1) F1 B cells that
then undergo polyclonal activation and expansion over the next seven days; and 2) donor
(B6) CD8 T cells that recognize allogeneic host MHC I, mature into CTL effectors and
reverse host splenic lymphoproliferation by eliminating host splenocytes from days 7–14
after transfer (5).

Using this model, we have previously demonstrated that in vivo TNF blockade during the
first week after donor cell transfer completely abrogated donor anti-host CD8 CTL
maturation and converted two week phenotype from acute to chronic GVHD (6). TNF
blockade after day 7 did not alter acute GVHD phenotype (6), supporting the idea that TNF
has a role in donor CD8 CTL maturation, possibly as a signal 3 function, separate from its
well known effector role.

TNF signaling in T cells results from TNF binding to one of two receptors: 1) TNF receptor
1 (TNFR1) or p55 expressed on nearly all cells and primarily associated with the
inflammatory and apoptotic activity of TNF; and 2) TNFR2 or p75 whose expression is
restricted to a subpopulation of immune cells and other cells and is involved in T cell
survival and costimulation (7–9). To determine whether the requirement for TNF in CD8
CTL maturation in p→F1 acute GVHD mice requires TNF signaling directly on donor T
cells consistent with a signal 3 role, (as opposed to acting indirectly through host APC), we
used the B6→BDF1 model of anti-F1 CD8 CTL generation and transferred donor T cells
deficient in TNFR p75 and/or p55 into wild type (TNFR intact) BDF1 hosts. Our results
indicate a critical role for p75 signaling on donor CD4 and CD8 T cells for optimal CD8
effector CTL maturation.

Materials and Methods
Mice

6–8 week old male wild type C57Bl/6 (B6 WT)(H-2b); TNFR p55 deficient
B6.Tnfrsf1atm1Imx/J (p55KO), p75 deficient B6.Tnfrsf1btm1Imx/J (p75KO) or double
deficient B6.Tnfrsf1atm1ImxTnfrsf1btm1Imx/J (p55/75KO) (all H-2b), and B6D2F1 (BDF1)
(H-2b/d) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). All animal
procedures were pre-approved by the Institutional Animal Care and Use Committee at the
Uniformed Services University of Health Sciences.

Induction of GVHD
Single cell suspensions of B6 WT or TNFR deficient donor splenocytes were prepared as
described (10) and transferred into age matched BDF1 hosts by tail vein injection. The
percentages of donor CD4 and CD8 T cells populations were analyzed by flow cytometry
and donor inoculum adjusted prior to transfer to achieve the desired amount of donor CD4
and CD8 T cells as indicated in the text and respective figure legends. In some experiments,
acute GVHD was induced using purified donor T cell subsets achieved through negative
selection using Dynal mouse CD4 or CD8 negative isolation kits (Invitrogen, Carlsbad, CA)
which deplete B cells, NK cells, monocytes/macrophages, dendritic cells, granulocytes,
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platelets, erythrocytes and either CD8 or CD4 respectively. Purity was confirmed by flow
cytometry and was typically > 95%.

Flow cytometric analysis
Spleen cells were first incubated with anti-murine Fcγ receptor II/III mAb, 2.4G2 for 10
min and then stained with saturating concentrations of Alexa Fluor 488-conjugated, APC-
conjugated, biotin-conjugated, PE-conjugated, FITC-conjugated, PerCPCy5.5-conjugated,
and Pacific Blue-conjugated mAb against CD4, CD8, B220, H-2Kdd, I-Ad, CD11b and
CD11c purchased from either BD Biosciences (San Jose, CA), BioLegend (San Diego, CA),
eBioscience (San Diego, CA), or Invitrogen (Carlsbad, CA). Biotinylated primary mAb
were detected using PE-Texas Red-streptavidin (BD Biosciences, San Jose, CA). Cells were
fixed in 1% paraformaldehyde before reading.

Ex vivo intracellular staining for perforin, IFN-g and TNF was performed using antibodies
and reagents purchased from BD PharMingen (San Diego, CA) or Biolegend (San Diego,
CA) and staining performed according to the manufacturer’s instructions. Importantly, there
was no in vitro re-stimulation or use of Golgi blocking agents. Following completion of the
staining protocol, cells were analyzed by flow cytometry immediately.

Multi-color flow cytometric analyses were performed using a BD LSRII flow cytometer
(BD Biosciences, San Jose, CA). Gating strategy: lymphocytes were gated by forward and
side scatter and fluorescence data were collected for a minimum of 10,000 gated cells.
Studies of donor T cells were performed on a minimum of 5,000 cells collected using a
lymphocyte gate that was positive for CD4 or CD8 and negative for MHC class I of the
uninjected parent (H-2Kd negative). B cells were gated as positive for B220 and either
positive (host origin) or negative (donor origin) for MHC Class II of the uninjected parent
(I-Ad). Short lived effector CD8 CTL (SLEC) were assessed as KRLG-1 positive, CCR7
negative gated donor CD8 T cells. Host DC and macrophages were identified as I-Ad

positive and CD11c or CD11b positive respectively using a broad forward and side scatter
gate.

Cytokine Expression by Real Time PCR
Real time PCR was performed as described (11). Briefly, splenocytes (1 × 107) were
homogenized in 1 ml of RNA-STAT-60 (Tel-Test, Friendswood, TX). cDNA was
synthesized from mRNA using TaqMan® Reverse Transcription Reagents kit (Applied
Biosystems, Foster City, CA). Real-time PCR was performed using pre-made primers and
probes from TaqMan® Gene Expression Assays and TaqMan® Universal PCR Master Mix
(Applied Biosystems) for the following targets: IFN-g, IL-10, IFN-g and IP10 with 18s
rRNA as an internal control. The calculation of relative gene expression differences was
done by comparative 2−ΔΔCT method. The result was expressed as fold change in the
experimental groups compared to uninjected B6D2F1 control. Mice were tested individually
and values shown as group mean ± SE.

Kidney Histopathology
Kidney tissue was fixed in 10% buffered formalin and processed for routine paraffin
embedding and histological sectioning. Three-micron-thick sections, stained with periodic
acid-Schiff stains, were blindly scored by a renal pathologist (MH). The severity of
proliferative glomerulonephritis were determined according to a previously described semi
quantitative (1+ to 4+) scoring system developed for a murine model of lupus nephritis (12,
13).
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Serological studies
Mice were bled at the times indicated and sera tested by ELISA for the presence of IgG
antibodies to ssDNA as described (11).

Statistical Analysis
Statistical comparisons (t test and Anova) were performed using Prism 5.0 (Graphpad
Software, San Diego, CA).

Results
Acute GVHD phenotype at day 14 is absolutely dependent on donor T cell signaling
through the p75 receptor

At 14 days after donor cell transfer, B6→F1 acute GVHD mice exhibit a cytotoxic
phenotype characterized by significant engraftment of both CD4 and CD8 donor T cells and
profound elimination of host splenocytes mediated by donor CD8 CTL specific for host
MHC I (reviewed in (5, 14). By contrast, DBA→F1 chronic GVHD mice exhibit a
stimulatory phenotype at day 14 characterized by substantial engraftment of CD4 but not
CD8 donor T cells and significant expansion of host B cells, T cells and APC vs. control F1
mice. To address whether signaling through the donor T cell TNFR is required for donor
CD8 CTL maturation and the development of a cytotoxic phenotype, F1 mice received
donor T cells deficient in either p55, p75 or both p55/p75 TNFR and phenotype assessed at
day 14. Donor splenocytes were adjusted so that all mice received comparable numbers of
CD8 T cells. Compared to uninjected control F1 mice (Fig. 1A–1F, column 1 from left),
WT→F1 acute GVHD mice (Fig. 1A–1F, column 2 from left) exhibit the characteristic day
14 cytotoxic phenotype i.e. significant reductions in total splenocytes (Fig. 1A), host B cells
(Fig. 1B), CD11b+ APC (Fig. 1C), conventional (CD11c+) dendritic cells (cDC)(Fig. 1D)
and CD4 T cells (Fig. 1E). Host CD8 T cells are not significantly reduced vs. uninjected
control F1 mice (Fig. 1F) consistent with their greater resistance to elimination by donor
CTL relative to other host splenocyte populations (15). As expected, WT donor CD4 and
CD8 T cells are present in roughly equivalent numbers (Figs. 1G and 1H, column 1). The
pattern seen for WT→F1 mice was not significantly altered in p55KO→F1 mice (Figs. 1A–
F, column 5) with the exception of greater donor CD8 T cell engraftment (Fig. 1H)
consistent with a vigorous donor anti-host response (16). By contrast, p75KO→F1 mice
exhibit a significant increase in all host splenocyte populations not only compared to
WT→F1 but also and importantly compared to uninjected control F1 mice (Figs. 1A–F,
column 4). The increase in host cells seen for p75KO→F1 mice indicates that initial donor
CD4 driven host expansion from days 1–7 (15) is present; however the elimination phase
from days 7–14 mediated by donor CD8 CTL is defective consistent with a stimulatory
phenotype and suggestive of chronic GVHD long term. The results for p55/p75 KO→F1
mice (Fig. 1, column 3) either mirror those of p75KO→F1 mice (Figs. 1A, 1B, 1D and 1E)
or are intermediate between WT→F1 and p75KO→F1 (Figs. 1C, 1F). In the p→F1 model,
donor T cell engraftment peaks at ~day 10 followed by contraction, particularly for donor
CD8 T cells (15). The significantly greater engraftment of donor CD4 and CD8 T cells in
p75KO→F1 mice vs. WT→F1 mice (Figs. 1G, 1H) in the setting of a failure to eliminate
host cells is suggestive of impaired CTL effector function and/or delayed maturation.

Spleens from the cohort shown in Fig. 1 were also tested for cytokine gene expression by
real time PCR (Fig 2). Cytokine genes important in CD8 CTL effector function such as IFN-
g, IP-10 and OAS are increased in WT→F1 mice (Fig. 2A–C) as previously demonstrated
(17, 18). Increased IL-10 gene expression (Fig. 2D) is also typical of day 14 B6 WT→F1
mice GVHD (18) and contributes to both the exhausted CTL phenotype (19) and memory
CD8 generation (20). Cytokine gene expression in p55KO→F1 mice does not differ
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significantly from WT→F1 mice however p75KO→F1 mice exhibit reduced values for all
cytokines and reach significance for all except OAS vs. WT→F1 mice. Taken together, the
results of Figs. 1 and 2 indicate that donor T cell p75 but not p55 signaling is critical for the
induction of a day 14 acute GVHD cytotoxic phenotype consistent with impaired donor CD8
CTL elimination of host cells.

Defective donor T cell p75 signaling converts acute GVHD to chronic GVHD long term
To address whether the day 14 stimulatory phenotype seen in Fig. 1 for p75KO→F1 mice is
indicative of a long term chronic GVHD phenotype or whether donor CD8 CTL maturation
is merely delayed and mice eventually exhibit acute GVHD (i.e. elimination of host
splenocytes), F1 mice were injected using a protocol similar to that in Fig. 1 and mice
followed long term. Despite using a low donor cell dose to reduce acute GVHD related
mortality and permit long term survival, deaths were seen in all GVHD groups. The overall
number of deaths/group was greater in WT→F1 (4/8) and in p55KO→F1 (3/7) vs. that of
p75KO→F1 (1/7) or p55/075KO→F1 (1/8) however the differences did not reach statistical
significance.

At 20 weeks splenocytes from surviving mice were analyzed by flow cytometry (Fig. 3).
Both WT→F1 and p55KO→F1 mice (Fig. 3, columns 2 & 5) exhibit a typical long term
acute GVHD phenotype (15) i.e. significant elimination of host B cells (Fig. 3A) with
repopulation by donor B cells (Fig. 3B) and elimination of host CD11b APC (Fig. 3C), cDC
(Fig. 3D), CD4 (Fig. 3E) and CD8 T cells (Fig. 3F) with demonstrable engraftment of both
donor CD4 (Fig. 3G) and CD8 T cells (Fig. 3H). P55KO→F1 mice did not exhibit a
phenotype significantly different from WT→F1 with the exception of a mild but significant
reduction in donor B cells repopulation. Interestingly engraftment of p55KO donor T cells is
also significantly reduced vs. WT→F1 donor cells yet the elimination of all host cell
populations is comparable to that of WT→F1 indicating that reduced p55KO donor T cell
engraftment is not associated with impaired acute GVHD phenotype long term. By contrast
p75KO→F1 mice (Fig. 3, column 4) exhibit host B cell expansion (Fig. 3A) with little
detectable repopulation by donor B cells (Fig. 3B), no significant elimination of host CD11b
+ APC, DC, CD4 or CD8 T cells vs. control F1 (Figs. 3C–3F). Engraftment of donor
p75KO CD4 and CD8 T cells is significantly reduced vs. WT →F1 donor T cells (Figs. 3G
& H). Together, these features are consistent with a chronic GVHD phenotype (5, 17, 18).
Double KO p55/p75KO→F1 mice for the most part resemble that of p75KO→F1 mice and
do not exhibit a clearly distinct phenotype.

Cardinal features of chronic GVHD in the p→F1 model are lupus-like autoantibodies and
immune complex glomerulonephritis (4, 5). For BDF1 hosts, severe lupus-like ICGN is seen
following transfer of DBA parental cells (4+ proteinuria, nephrotic syndrome) (13) whereas
a mild nephritis follows transfer of B6 CD4 T cell donors (≤ 2+ proteinuria) unless higher
donor cell doses (≥15 × 106 CD4 T cells) are used (10, 21). Accordingly, we observed that
proteinuria was ≤ 2+ and glomerular scores were ≤ 1+ for all groups with no significant
differences between groups (data not shown) and consistent with the relatively low numbers
of donor CD4 T cells transferred (<8 × 106). Nevertheless, despite the low intensity of the
chronic GVHD reaction, striking and significant differences were seen in serum anti-ssDNA
ab, a non-specific marker of host B cell activation characteristic of chronic GVHD (10).
Only p75KO→F1 and p55/p75KO→F1 mice exhibited significantly elevated serum anti-
ssDNA ab levels vs. control F1 as early as 2 weeks and persisting through week 14 (Fig. 4).
The two curves for p75KO→F1 and p55/p75KO→F1 were not significantly different
further supporting the idea that p55/p75KO→F1 mice have a phenotype similar to
p75kO→F1 mice. No significant elevations over uninjected controls were seen for WT→F1
or p55KO→F1 mice.
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Taken together these results demonstrate that both WT→F1 and p55KO→F1 mice exhibit
an acute GVHD phenotype long term whereas p75KO→F1 and p55/p75KO→F1 mice
exhibit a chronic GVHD phenotype consistent with a defect in donor CD8 effector
maturation and function in the setting of donor CD4 driven host B cell expansion and
autoimmunity.

CD8 CTL effector phenotype requires donor T cell signaling only through the p75 TNFR
In B6 WT→F1 mice, donor CD8 numbers peak at ~ day 10 and mediate the decline in host
lymphocyte expansion (15). By contrast, chronic GVHD in this model results from a failure
of donor CD8 CTL maturation in the context of intact donor CD4-driven host splenocyte
expansion. Thus, the foregoing results demonstrating that p75KO→F1 mice exhibit a
chronic GVHD phenotype short and long term strongly support a defect in p75KO donor
CD8 CTL effector function coupled with intact donor CD4 T cell help for host B cells. To
determine the integrity of initial maturation of donor CD8 T cells, GVHD was induced using
a protocol similar to Fig. 1 and mice assessed at the peak of donor CD8 CTL expansion (day
10) (15). Because p75/p55 KO→F1 mice did not exhibit a unique phenotype but were either
intermediate or similar to p75KO→F1 mice, this group is omitted to focus on the dichotomy
between p55KO→F1 vs. p75KO→F1 mice. Compared to control F1 mice (Fig. 5A–5F,
column 1), WT→F1 mice (Fig. 5A–5F, column 2) exhibit: a) a mild increase in total
splenocytes (Fig. 5A); b) significant elimination of host B cells (Fig. 5B); c) expansion of
host DC and CD11b+ APC (Figs. 5C–5D); d) reduction of host CD4 T cells (Fig. 5E) but
not host CD8 T cells (Fig. 5F); and e) engraftment of both CD4 and CD8 B6 WT donor T
cells (Figs. 5G, 5H, column 1). This pattern confirms previous work at day 10 demonstrating
that host B cells and CD4 T cells are more sensitive to elimination and are eliminated earlier
than host APC or CD8 T cells (15). Values for p55 KO→F1 mice (Fig. 5A–5F, column 4,
Figs. 5G, 5H, column 3) do not differ significantly from WT→F1 mice. By contrast,
p75KO→F1 mice (Figs. 5A–5F, column 3) exhibit a significant increase in total
splenocytes, host B cells, host DC, host CD11b+ APC and host CD4 T cells (Figs. 5A–5E)
compared to either WT→F1 or p55KO→F1 mice. The increase in host cells seen in
p75KO→F1 mice is an indicator of impaired donor CD8 CTL elimination of intact donor
CD4-driven host splenocyte expansion. Interestingly, p75 KO→F1 mice exhibit
significantly greater donor CD4 engraftment vs. WT→F1 or p55R KO→F1 mice (Fig. 5G)
yet CD8 T cell engraftment is mildly but significantly reduced vs. WT CD8 T cells (Fig.
5H) consistent with a mild but significant quantitative defect in donor CD8 T cell expansion.
A second day 10 experiment gave similar results however the reduction in engrafted donor
CD8 T cells for p75KO→F1 mice did not reach statistical significance as it did in Fig. 5H
(data not shown).

Defective p75KO donor CD8 CTL elimination of host cells can be partially compensated by
transferring greater numbers

We have previously demonstrated that transferring standard doses donor cells with
qualitative CTL defects (i.e. perforin or FasL defective) results in an intermediate phenotype
at day 14 due to impaired CTL elimination of host splenocytes (22, 23). Higher doses of
qualitatively defective donor cells improved but did not fully correct the impaired acute
GVHD phenotype (22, 23). Thus, qualitative defects in CD8 T cell function can be partially
but not fully compensated by quantitative measures. To address whether the impaired
elimination of host cells in p75KO→F1 mice is due solely to the quantitative defect (shown
in Fig. 5H as a significant reduction in peak donor CD8 T cell numbers) or whether a
qualitative aspect also contributes, we examined the effect of higher donor cell transfers. F1
mice received either: a) low dose WT or p75KO donor cells (doses comparable to those used
in Figs. 1–5) or; b) high dose p75KO donor cells and mice assessed at day 14. Compared to
uninjected F1 mice, low dose WT→F1 exhibited the expected cytotoxic phenotype (Fig. 6,
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columns 1 & 2) consisting of profound elimination of host B cells (Fig. 6A), no increase in
host CD11c+ cells (Fig. 6B), and engraftment of both donor CD4 and CD8 T cells subsets
(Figs. 6C–6D). Similarly low dose p75KO→F1 (Fig. 6, column 3) reproduced the day 14
phenotype shown in Fig. 1A i.e., a failure to eliminate host B cells or CD11c+ cells (Figs.
6A–6B), normal engraftment of donor CD4 T cells (Fig. 6C) coupled with a mild but
significant reduction in donor CD8 T cell engraftment. High dose p75KO→F1 mice (Fig. 6,
column 4) exhibited significantly greater elimination of host B cells vs. lo dose p75KO→F1
mice (Fig. 6A) however B cell numbers were still significantly greater than that of WT→F1
mice consistent with impaired donor CD8 CTL killing. High dose p75KO→F1 mice did not
exhibit significantly greater killing of host DC (Fig. 6B), host CD11b+APC or host CD4 T
cells (data not shown). Importantly, failure to correct host killing in high dose p75KO→F1
mice occurred in conjunction with donor CD4 and CD8 T cells engraftment levels that were
comparable to or significantly greater those of WT→F1 mice (Figs. 6C–6D, columns 1 and
3). These results confirm our day 14 data in Fig. 1 in which p75KO→F1 mice exhibit
defective elimination of donor CD4 expanded host B cell and APC (FIgs. 1A–1C) despite
significantly greater donor CD8 T cell engraftment compared to WT →F1 mice (Fig. 1H).
Thus, transferring donor cell numbers sufficient to engraft p75KO donor cells in numbers ≥
those of WT donor cells improves but does not fully correct the defects in host splenocyte
elimination. These results support the conclusion that defective donor T cell p75 signaling
results in qualitative defects in effector CTL function in addition to quantitative defects.

Optimal donor CD8 CTL killing requires p75 signaling by both donor CD4 and CD8 T cells
The foregoing results demonstrate that optimal CD8 CTL elimination of host splenocytes
requires TNFR signaling through p75 on donor T cells. It is not clear whether this effect is
mediated by p75 signaling through CD8 T cells alone, through CD4 T cells alone or through
both. To address his question, purified donor CD4 and CD8 T cells from both WT and p75
KO donors were transferred into WT BDF1 mice in all four possible matched or mixed
combinations and phenotype assessed during peak donor CD8 CTL expansion and
maturation (day 10). As shown above in Fig. 6, defects in p75 KO donor cells can be
improved using larger numbers of donor cells. Therefore, to better demonstrate possible
mild contributory defects in CD4 T cells, sub-threshold numbers of CD4 donor cells were
transferred in conjunction with numbers of CD8 T cells at or above threshold (6.0 ± 0.3 ×
106 CD4 and CD8 T cells) resulting in a CD4:CD8 ratio of 1:1 rather than the typical 2:1.
Using host B cell elimination as a surrogate marker of donor anti-host CD8 CTL function
(15, 24), F1 hosts receiving matched WT donor T cells i.e. WT CD4 + WT CD8 →F1
(matched WT control) exhibit a mild reduction in host B cells vs. control uninjected F1 mice
(Fig. 7A, columns 1 & 2, p=n.s.) consistent with the day 10 read out at which point donor
CD8 CTL maturation typically has reversed the initial donor CD4 mediated host B cell
expansion however elimination of host B cells is not complete until ~ day 14 (15). By
contrast, B cells in p75KO CD4 + p75KO CD8→F1 mice (matched p75 control) are
significantly elevated vs. uninjected control F1 (Fig. 1A, columns 3 &1) indicative of an
intact donor CD4 driven expansion phase but a failure of donor CD8 CTL-mediated
elimination phase consistent with a stimulatory chronic GVHD phenotype and confirming
our results in Fig. 1A using unfractionated p75KO donor splenocytes. For F1 mice receiving
mixed donor T cells, i.e. WT CD4 + p75KO CD8→F1 or p75KO CD4 + WT CD8→F1
(Fig. 7A, columns 4 & 5), both groups exhibit B cell elimination values comparable to
matched WT CD4 + WT CD8->F1 control (Fig. 7A, column 2) and are significantly reduced
vs. the matched p75KO CD4 + p75KO CD8→F1 control (Fig. 7A, column 3). These results
support a role for p75 signaling in both CD4 and CD8 T cells.

Specifically, the defective host B cell killing (increased host B cell numbers vs. control F1)
seen for p75KO CD4 +p75KO CD8 →F1 mice (Fig. 7A, column 3) can be significantly
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improved by substituting either WT CD4 T (Fig. 7A, column 4) or WT CD8 T cells (Fig.
7A, column 5). Conversely, B cell killing for WT CD4 + WT CD8→F1 (Fig. 7A, column 2)
is not significantly altered by the substitution of only one p75KO T cell subset (Fig. 7A,
columns 4 or 5). The results in Fig. 7A demonstrate that defective p75 signaling in both
CD4 or CD8 T cells impairs optimal CD8 CTL maturation as measured by host B cell
killing however the defect in each subset can be significantly mitigated by pairing with the
appropriate WT subset.

This conclusion is further supported by donor engraftment results. CD4 T cell engraftment
levels (Fig. 7B) support a critical role for CD4 p75 signaling in optimal CD4 engraftment.
Engraftment of WT CD4 T cells does not differ significantly whether paired with WT or
p75KO CD8 T cells (Fig. 7B, columns 1 & 3). Engraftment of p75KO CD4 engraftment is
significantly reduced vs. WT CD4 regardless of the source of CD8 T cells. Specifically, both
p75KO CD4 + p75KO CD8→F1 and p75RKO CD4 + WT CD8→F1 mice (Fig. 7B,
columns 2 & 4) exhibit a significant reduction in donor CD4 T cell engraftment vs. F1 mice
receiving WT CD4 T cells in either combination (WT CD4 + WT CD8→F1 or WT CD4 +
p75KO CD8→F1, Fig. 7B, columns 1 & 3). Thus, p75 signaling is critical for optimal donor
CD4 T cell engraftment and is not altered by mixed pairing of CD8 T cells.

Similarly, donor CD8 T cell engraftment levels (Fig. 7C) support a role for intrinsic CD8
p75 signaling in optimal engraftment. Compared to the matched WT control (Fig. 7C,
column 1), matched p75KO control mice (Fig. 7C, column 2) exhibit significantly reduced
engraftment of donor CD8 T cells. These results are consistent with the day 10 peak CD8
engraftment results demonstrating a mild but significant reduction in CD8 engraftment for
p75KO→F1 mice (Fig. 5H). They differ from our day 14 results in Fig. 1 using
unfractionated cells possibly as a consequence of the greater numbers of donor cells used in
that experiment. Defective CD8 T cell engraftment seen in the matched p75 KO control
mice (Fig. 7C, column 2) is mildly but not significantly boosted when paired with WT CD4
T cells (Fig. 7C, column 3) indicative of an intrinsic p75 mediated CD8 defect. Of note,
engraftment of WT CD8 T cells is mildly but not significantly reduced when paired with
p75KO CD4 T cells vs. WT CD4 T cells (Fig. 7C, columns 1 vs. 4) consistent with a mild
helper defect for p75 KO CD4 T cells.

Lastly, KLRG-1 expression is a marker of CD8 CTL effector maturation and KLRG-1pos/
CCR7neg CD8 T cells represent short lived effector cells (SLEC) (19). As shown in Fig.
7D, SLEC numbers are profoundly defective in p75KO matched control mice (Fig. 7D,
column 2) vs. that of the matched WT control (Fig. 7D, column 1) with values below the
limits of detection. Reduced p75KO CD8 SLEC numbers seen in p75KO matched mice
(Fig. 7D, column 2) are mildly improved but not corrected by pairing with normal CD4 help
(WT CD4 + p75KO CD8→F1, column 3) consistent with a significant intrinsic defect in
p75RKO CD8 T cells. Conversely, WT SLEC CD8 numbers seen in WT control mice is
moderately but significantly reduced when paired with p75KO CD4 T cells vs. WT CD4 + T
cells (Fig. 7D, columns 1 & 4) further supporting a mild but contributory role for CD4 p75
signaling in providing help for normal CD8 CTL effector maturation. Of note, mice
receiving mixed WT CD4 and p75KO CD8 donor T cells exhibit significantly reduced CD8
engraftment and KLRG-1 upregulation vs. WT matched control (Figs. 7C–7D, columns 1
and 3) however this was not associated with a significant impairment of host B cell killing
(Fig. 7A, column 4) indicating the mild nature of the p75 KO defect when only one subset if
affected.

Taken together, the results in Fig. 7 demonstrate that p75 signaling is critical for optimal
donor CD4 and CD8 engraftment, for optimal CD4 help for CD8 CTL elimination of B cells
and for optimal effector marker upregulation (KLRG-1).
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p75KO donor T cell signaling is required for optimal CD4 and CD8 intracellular cytokine
expression

Splenic donor T cells from the cohort shown in Fig. 7 were analyzed by flow cytometry for
intracellular markers characteristic of effector maturation i.e., TNF, IFN-g, and perforin
(Fig. 8). Representative staining plots are shown in Supplemental Fig 1. These markers
typically peak between days 7–10 and accordingly WT matched controls exhibit detectable
numbers of cytokine expressing cells for all cytokines except perforin expressing CD4 T
cells (Fig. 8A–8E, column 1). Compared to the WT matched control, p75 matched control
mice (Figs. 8A–8E, column 2 vs. 1) exhibit significant reductions in the numbers of: 1) CD4
T cells expressing TNF and IFN-g (Figs. 8A, 8C); and 2) undetectable numbers of CD8 T
cells expressing TNF, IFN-g and perforin (Figs. 8B, 8D, 8E). Numbers of perforin
expressing CD4 T cells were too small for all groups to allow meaningful conclusions (data
not shown). The results for the two matched control groups demonstrate that when both
donor T cell subsets are p75 defective, significant qualitative defects in both donor CD4 and
CD8 T cell effector maturation can be seen.

Mixing of donor T cell subsets improves but does not correct the defects seen for matched
p75 KO donor cells further supporting the idea that both CD4 and CD8 p75 signaling is
required for optimal CD8 effector maturation. In general, mixed subsets (Figs. 8A–8E,
columns 3 & 4) exhibit values that are intermediate between the matched WT or p75 KO
controls (Figs. 8A–8E, columns 1 and 2). In particular, pairing of WT CD4 T cells with
p75KO CD8 T cells (Figs. 8A–8E, column 3) results in a significant boost in all CD4 and
CD8 parameters vs. matched p75KO control (Figs. 8A–8E, column 2) however these values
do not reach those of the matched WT control (Figs. 8A–8D, column 1). Thus, WT CD4 T
cells can boost but not normalize defective p75 KO CD8 T cell IFN-g, TNF and perforin
expression (Fig. 8B, 8D, 8E, columns 3 vs. 2 indicating that even with a normal source of
CD4 help, p75KO CD8 T cells remain intrinsically abnormal.

Similarly, p75 KO CD4 T cells exhibit a mild to moderate defect in their help for CD8 T
cells as shown by pairing of p75KO CD4 with WT CD8 T cells and compared to values of
the WT control (Fig. 8, columns 1 & 4). This helper defect is best seen as a significant
reduction in WT CD8 expression of IFN-g and a non-significant reduction in perforin
expression when paired with p75 CD4 T cells vs. WT CD4 T cells (Figs 8D & 8E, columns
1 & 4). There was also a significant reduction in p75KO CD4+ WT CD8 TNF expression in
CD8 T cells however the mean value was increased due to mouse to mouse variability. The
results in Fig. 8 further support the conclusion from Fig. 7 that optimal quantitative and
qualitative CD8 CTL effector maturation requires p75 signaling by both CD4 and CD8 T
cells.

Discussion
CD8 CTL generation in the p→F1 model has been previously shown to be critically
dependent on TNF (6). In B6→BDF1 mice, anti-TNF mAb treatment during days 0–5
prevented donor CD8 CTL maturation and converted phenotype from acute to chronic
GVHD whereas TNF blockade on day 7 had little effect, supporting the idea that TNF is
critical in CD8 CTL initiation rather than acting later at the effector phase. It was not clear
from that study however whether TNF acted directly on donor T cells in a signal 3/
costimulatory role or acted indirectly, perhaps through host APC. Our results confirm the
former possibility by demonstrating that TNF signaling through donor T cell TNFR p75 but
not p55 is absolutely required for CD8 CTL effector maturation. CD4 T cell signaling
through p75 is required for optimal CD4 help for CD8 maturation and CD8 T cell signaling
through p75 is required for optimal CTL effector function. Interestingly, direct measurement
of p75 KO donor cell quantitative and qualitative parameters, e.g., donor T cell engraftment
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and intracellular effector markers revealed only mild defects for mice receiving
unfractionated donor cells. By contrast, indirect parameters of donor CD8 CTL function,
e.g., elimination of host splenocytes, revealed profound and long lasting defects such that at
two weeks, p75 KO→F1 mice exhibited a stimulatory phenotype rather than the expected
cytotoxic phenotype which persisted long term with p75 KO→F1 mice exhibiting chronic
rather than acute GVHD. These results are consistent with previous work demonstrating that
host B cell depletion is a more sensitive indicator of in vivo donor CD8 CTL activity than
are CTL assays performed in vitro, ex vivo or even in vitro (15, 24).

Because chronic GVHD in this model is mediated solely by donor CD4 T cells whereas
acute GVHD requires both CD4 and CD8 donor T cells (5), the conversion from acute to
chronic GVHD in p75KO→F1 mice indicates a significant defect in donor p75KO CD8 T
cell maturation. In support of this idea, dose response studies demonstrated that transferring
sufficient donor cells to achieve p75 KO T cell engraftment greater than that of WT donor
cells improved but did not correct the profound defects in host B cell elimination in
p75KO→F1 mice. These results provide indirect evidence for a significant qualitative defect
in p75KO CD8 effector function. Direct evidence for a p75KO donor cell qualitative defect
was best seen at donor cell doses just above the threshold for GVHD induction and consisted
of defective intracellular expression of IFN-g and TNF for both CD4 and CD8 T cells and
defective perforin expression for donor CD8 T cells. Together these results support the
conclusion that p75 signaling in both ag-specific CD4 and CD8 T cell subsets is critical for
ag-specific CD8 CTL maturation and effector function. By contrast, no defects were seen in
acute GVHD phenotype short or long term when p55 KO donor cells were transferred.
These results appear to be at variance with results in a murine model of acute GVHD using
irradiated bone marrow transplant recipients and demonstrating that p55 but not p75
signaling is critical for acute GVHD (25). This discrepancy likely reflects the strong
inflammatory cytokine storm and inflammation elicited by the conditioning regimen in that
model and the well known role of p55 signaling in TNF-mediated inflammation (26, 27). By
contrast, in the p→F1 model, there is no conditioning regimen and no similar cytokine
storm thus mitigating the role of p55 mediated inflammation.

It has been previously demonstrated that the CD8 CTL anti-pathogen response requires a
third signal in addition to TcR stimulation and CD28 mediated costimulation (1, 3). Two
well recognized signal 3 molecules are IL-12 and IFN (1, 3). TNFR superfamily members
also influence T cell activation and maturation by providing costimulation signals separate
from CD28 signaling. OX-40, 4-B11, CD27 HVEM, CD30, and GITR can all provide
signals important in the initiation of immune responses and in long lived memory (28). In
addition, TNFR p75 signaling can provide a costimulatory signal for T cells (28) that
ensures optimal IL-2 production and T cell survival during clonal expansion and enhances
memory pool formation by conferring protection from apoptosis (29–31). As a result, p75
KO T cells have been reported to exhibit a reduced accumulation of effector cells as shown
by reduced numbers of ag-specific intracellular IFN-g expressing cells and reduced
clearance of Listeria monocytogenes (29). Our results, while consistent with these
quantitative defects, differ in that we also demonstrate a qualitative defect in p75KO CD8
CTL killing and further, that this defect is not corrected by normalization of p75KO T cell
numbers.

A second novel finding of our study regards the qualitative defect in p75KO CD4 T cell
function. As discussed above, p75KO→F1 mice exhibit chronic rather than acute GVHD
due to defective CD8 CTL maturation. Chronic GVHD in the p→F1 model is mediated
solely by donor CD4 T cell recognition allogeneic host MHC II and the provision of cognate
CD4 T cell help to host B cells resulting in B cell hyperactivity and autoantibody production
(32). Although p75KO CD4 T cells are defective in their help for CD8 CTL maturation, they
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are nevertheless able to provide help to host B cells and induce lupus-like autoantibodies
and chronic GVHD. Thus, p75 signaling is much more important for CD4 T cell help to
CD8 CTL than it is for CD4 help to B cells. This functional disparity in CD4 T cell help is
reminiscent of our findings with another TNFR super family member, Fas, in which Fas
defective donor CD4 T cells exhibit significantly impaired help for CD8 CTL but no
detectable defect in their ability to provide help to B cells and drive chronic, lupus-like
GVHD (10).

Lastly, our results may have relevance to patients receiving therapeutic TNF blockers. Our
demonstration of a critical role for p75 signaling in optimal in vivo CD8 CTL function raises
the concern TNF blockers may impair the CD8 CTL contribution to anti-viral and anti-
tumor responses. For example, CD8 CTL are strongly linked to recovery from EBV
infection (33) and TNF is critical for the development of HBV-specific CTL (34). Incidents
of reactivation of EBV, HBV, varicella-zoster and less commonly hepatitis C have been
reported in patients on TNF blockers (35–37). Although the numbers are small, in the
absence of long term prospective studies, a definitive statement regarding the safety of TNF
blockers in viral conditions cannot be made and, in the case of HBV, prophylactic anti-viral
therapy and close clinical monitoring has been suggested (38, 39).

Regarding tumors, estimating the cancer risk of TNF blockers separate from that of the
underlying condition and the concomitant use of immunosuppressives is complicated by the
long latency of tumors, their relative low incidence and methodological concerns e.g.,
discrepancies between observational studies and meta analyses (40, 41). Accordingly,
reports of an increase in malignancies (42), particularly hematological malignancies (43), in
patients receiving TNF blockers have not been uniformly confirmed (40, 44). Nevertheless,
evidence supporting an increased risk of cancer, particularly lymphomas, in children and
adolescents receiving TNF blockers (45), prompted the FDA to issue a warning (46). TNF
signaling particularly through the p75 has been shown to be critical to anti-tumor T cell
responses (47). Moreover, Fas and perforin pathways are important in normal lymphocyte
homeostasis (48–50). Thus, impairment of p75 T cell signaling by TNF blockers could
impair T cell mediated tumor surveillance.

Lastly, our results may be relevant to the lupus-like autoimmunity reported in patients
receiving TNF blockers (47, 51, 52) and suggest a possible mechanism by which this could
occur. In both humans and mice, CD4 T cells are necessary and sufficient for lupus
development (53–57) and CD8 T cells, to include CTL, (5, 58–63) act to down regulate
lupus. Based on our results demonstrating that p75 signaling is important for CD8 effector
maturation but not for CD4 T cell help to B cells, it is possible that patients who experience
a lupus-like tolerance break (i.e. CD4 driven- B cell hyperactivity) while on TNF blockers
may exhibit an impairment in the ability of down regulatory CD8 T cells to restore tolerance
without a concomitant impairment of CD4 T cells to provide help to autoreactive B cells and
autoantibody production. For this scenario to occur, patients would first need to encounter a
lupus trigger which may account for the relative low frequency of autoimmunity in the
setting of TNF blockers. Once tolerance is lost, the balance between lupus and CD8
mediated down regulation may be shifted such that autoimmunity is favored. The possible
benefit of therapeutic selective p55 or p75 blockade was put forth roughly a decade ago (64)
and remains under active study (9, 65). Moreover, soluble TNF efficiently activates only
p55 whereas membrane TNF is largely responsible for p75 activation (9, 66). By extension,
our results support the conclusion that it is membrane bound rather than soluble TNF
binding to donor T cell p75 that is critical for CD8 CTL maturation in the absence of
pathogens. In light of the beneficial role of CD8 T cells in infections, tumors and
autoimmunity, our results demonstrating a critical role for p75 signaling in CTL maturation
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provide support for further investigation of TNF blockers that selectively inhibit p55 and
spare p75, to include differential targeting of membrane vs. soluble TNF.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Donor T cell signaling through TNFR p75 is critical for induction of acute GVHD
phenotype at day 14
Normal (TNFR intact) BDF1 mice were either uninjected or injected with splenocytes from
B6 WT, B6 p55KO, B6 p75KO or B6 p55/p75KO donor cells. At 14 days after donor cell
transfer, F1 spleens were assessed for donor and host lymphocyte populations by flow
cytometry as described in Methods. Group means ± SE are shown for: A) total splenocytes;
B) host B cells; C) host CD11b+ APC; D) host cDC (CD11c+); E) host CD4 T cells; F) host
CD8 T cells; G) donor CD4 T cells; and H) donor CD8 T cells (n= 5 mice/group). For all
figures, * p<0.0; ** p< 0.01, ***p<0.005. Donor splenocytes were examined by flow
cytometry and adjusted so that all groups received ~4 × 106 donor CD8 T cells and 6.7 ± 1.2
× 106 donor CD4 T cells.
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Fig. 2. Cytokine gene expression typical of day 14 acute GVHD is defective in p75KO→F1 mice
Spleens harvested from the cohort described in Fig. 1 at day 14 were also tested for cytokine
gene expression by real time-PCR as described in Methods. As in Fig. 1, mice were tested
individually and values expressed as group mean ± SEM are shown for: A) IFN-g, B) OAS,
C) IP-10, and D) IL-10.
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Fig. 3. Long term, p75KO→F1 mice exhibit chronic rather than acute GVHD
Donor and host combinations are as described for Fig. 1. Mice were assessed at 20 weeks by
flow cytometry for the following splenic lymphocyte subpopulations: A) host B cells; B)
donor B cells; C) host CD11B+ APC; D) host cDC (CD11C+); E) host CD4 T cells; F) host
CD8 T cells; G) donor CD4 T cells; and H) donor CD8 T cells. Mice received
unfractionated donor splenocytes containing 7.1 ± 0.7 × 106 CD4 T cells and 4.6 ± 0.6 × 106

CD8 T cells. For normal F1, n=5; WT→F1 and p55→F1, n=4; p75KO→F1, n=6 and p55/
p75 KO→F1, n=7.
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Fig. 4. Lupus-like autoantibodies are seen only in F1 mice receiving p75KO donor T cells
Sera was tested for anti-ssDNA antibodies on the cohort described in Fig. 3 at the indicated
times as described in Methods.

Soloviova et al. Page 19

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 5. Peak day 10 donor CD8 T cell engraftment is defective in p75KO→F1 mice
Acute GVHD was induced in BDF1 hosts following the transfer of B6 WT, p55KO or
p75KO donor splenocytes containing 7.15 ± 0.35 × 106 CD4 and 4.35 ± 0.45 × 106 CD8 T
cells. F1 hosts were assessed by flow cytometry on day 10 for: A) total splenocytes; B) host
B cells; C) host cDC; D) host CD11b+ APC; E) host CD4 T cells; F) host CD8 T cells; G)
donor CD4 T cells and H) donor CD8 T cells. Results are shown as group mean ± SE (n= 5
mice/group).
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Fig. 6. Defective donor CD8 CTL killing by p75KO donor T cells is only partially corrected by
normalizing engraftment
Acute GVHD was induced in BDF1 hosts following the transfer of low dose B6 WT or
p75KO splenocytes (6.6 – 6.8 × 106 CD4 and 4.8–4.9 × 106 CD8 T cells) or high dose
p75KO donor cells (8.8 × 106 CD4 and 6.4 × 106 CD8 T cells). F1 hosts were assessed at
day 14 by flow cytometry for lymphocyte subsets as described in Fig. 1 and shown as: A)
host B cells; B) host cDC; C) donor CD4 and D) donor CD8 T cells. Results are shown as
group mean ± SE (n= 5 mice/group except for high dose p75KO→F1, n=3).
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Fig. 7. Optimal donor CD8 CTL function requires p75 signaling in both CD4 and CD8 T cells
CD4 and CD8 T cells were purified from WT and p75 KO donor spleens and combined as
described in Methods. BDF1 mice received 6.0–6.7 × 106 CD4 and 5.7–6.2 × 106 CD8 T
cells that were either matched or mixed according to donor strain. At day 10, host spleens
were analyzed by flow cytometry for numbers of: A) host B cells; B) donor CD4 T cells; C)
donor CD8 T cells; and D) KLRG-1 positive donor CD8 T cells. Results are shown as group
mean ± SE (n= 5 mice/group for all groups).
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Fig. 8. Intact p75 signaling is required for optimal donor CD4 and CD8 intracellular expression
of effector CTL markers
Spleens from the cohort in Fig. 7 were examined on day 10 by flow cytometry for
intracellular expression of: TNF (A,B); IFN-g (C,D), and perforin (E) on donor CD4 T (A,
C) or CD8 (B, D, E) T cells.
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