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The POSH scaffold protein is 
essential for signal coordination 
leading to CD8 T cell 
differentiation and survival 
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Emma Teixeiro and Mark Daniels* 

Department of Molecular Microbiology and Immunology NextGen Precision Health, University of 
Missouri, Columbia, SC, United States 
Introduction: Upon antigen recognition, naive CD8 T cells must induce c-JUN 
N-terminal kinase (JNK), NF-kB, and Akt signaling to drive differentiation and 
generate a heterogeneous effector response. While the roles of these three 
pathways individually in mediating essential cellular responses for CD8 T cell 
differentiation are well established, the mechanisms of signal integration and 
crosstalk between these pathways to produce a diverse and heterogeneous 
response to infection remain poorly understood. Here, we establish the critical 
role of the Plenty of SH3 Domains (POSH) scaffold protein in coordinating signals 
from all three pathways to support CD8 T cell differentiation and fate. 

Methods: Using novel conditional T cell POSH knockout reporter mouse models 
(as POSH�/� CD4-Cre eGFP, POSH�/� GzmB-Cre eGFP), we determined the 
phenotype of T cells in the thymus and periphery through �ow cytometry. 
Polyclonal and OT1 TCR transgenic POSH cKO CD8 T cells were stimulated in 
vitro and analyzed by �ow cytometry to assess cell fate. JNK, NF-kB, and Akt 
pathways were examined via �ow cytometry and immunoblotting. Puri�ed OT1 
CD8 T cells from these mice were adoptively transferred and subsequently 
challenged with VSV-OVA infection; their phenotype, effector function, and 
signaling were then assessed ex vivo by �ow cytometry. 

Results: We demonstrate that POSH is essential for proper induction of the JNK, 
NF-kB, and Akt pathways. Furthermore, the absence of these signals due to 
POSH de�ciency results in reduced differentiation into short-lived effector cells 
(SLECs), delayed proliferation, and decreased survival of memory precursor cells 
(MPECs) during the contraction phase. 

Conclusions: Collectively, these data identify POSH as a key regulator of CD8 T 
cell fate and enhance our understanding of the complex mechanisms governing 
signal integration during CD8 T cell responses to infection. 
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Introduction 

CD8 T cells play a major role in the adaptive immune response 
to bacterial and viral infections. Signals initiated through antigen 
recognition by the TCR, co-stimulation, and cytokines cooperate to 
drive the activation and differentiation of naive CD8 T cells into a 
heterogeneous effector response composed of short-lived effector 
cells (SLECs), memory precursor (MPEC) CD8 T cells, and diverse 
subsets of long-lived memory cells (1). The multiple possible fates 
for a CD8 T cell are determined by a combination of factors, 
including the strength of TCR signaling, the presence or absence of 
co-stimulation, in�ammation, cytokines, and the maturation state 
of the cell. These decisions are mediated by, or directed through, 
several signaling pathways, among which three of the most crucial 
are the JNK, NF-kB, and Akt pathways (2–4). Understanding how 
signals through these receptors and pathways are integrated to 
guide and determine these diverse cell fates is essential for 
improving the therapeutic application of CD8 T cells. 

The JNK, NF-kB, and Akt signaling pathways each play integral 
and complex roles in the fate of CD8 T cells. In the thymus, JNK 
regulates negative selection (5), while in mature CD8 T cells, JNK 
signaling controls the upregulation of CD25, proliferation, 
differentiation, and effector function (4, 6, 7). NF-kB has a unique 
role throughout CD8 T cell ontogeny, including controlling survival 
and programming in the thymus (8, 9). In the periphery, NF-kB is  
important for supporting CD8 T cell differentiation, proliferation, 
and survival during activation, as well as playing a critical role in 
programming the differentiation and maintenance of various 
memory subsets (2, 10, 11). Sustained Akt activation promotes 
SLEC differentiation at the expense of MPECs and induces a 
transcriptional program that enhances effector functions (12–15). 
In contrast, Akt inhibition favors MPEC differentiation and results 
in an increased number of memory CD8 T cells (12, 14). 

While each of these pathways has distinct roles in the CD8 T 
cell immune response, they also interact in complex ways. For 
example, both NF-kB and JNK can be activated by TNF-a, but NF­
kB can also suppress JNK signaling downstream of TNF-a (16). 
Additionally, Akt activation can enhance NF-kB activity and 
increase NF-kB-dependent gene expression (17). Crosstalk and 
competition between Akt and JNK also regulate CD8 T cell 
survival (18). Therefore, these pathways not only act individually 
but also interact with and in�uence each other to ultimately regulate 
CD8 T cell fate and function. The mechanisms underlying the 
coordination of these complex interactions are not yet 
well understood. 

Scaffold proteins serve as a means by which cells coordinate 
cellular signaling cascades. These proteins facilitate the formation of 
signaling nodes that mediate crosstalk between multiple pathways 
and act as modules for assembling components necessary for the 
activation of speci�c signaling cascades. They can also provide 
temporal and spatial regulation of these pathways, thereby 
directing and diversifying the potential outcomes of their 
activation (19–21). 

One particular scaffold protein of interest is the Plenty of SH3 
Domains (POSH) scaffold protein, as it has been shown to interact 
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with components of the JNK, Akt, and NF-kB pathways. POSH is 
comprised of four SH3 domains, a Rac binding domain, and a RING 
�nger domain with E3 ubiquitin ligase activity. POSH was �rst 
described as a Rac-binding protein that induced JNK and NF-kB 
signaling, leading to subsequent apoptosis in �broblasts (22). Prior 
to our recent work on the function of POSH in T cells (7, 23), most 
of what was known about POSH’s role originated from studies in 
neurons, where it functions as a scaffold for the JNK signaling 
pathway (24). In mature neurons, assembly of the POSH/JNK 
complex leads to prolonged JNK signaling and apoptosis (25–27). 
However, its role in neuronal development differs; POSH is essential 
for the development of the cerebral neural network and neuronal 
outgrowth in developing fetuses (28). Given the unique role of JNK 
during thymocyte development and mature T cell activation, and 
considering POSH’s ability to interact with components of NF-kB 
and Akt signaling, we hypothesized that POSH may play a role in 
regulating CD8 T cell fate. 

We and others have shown that multiple proteins associate with 
POSH (22, 24, 25) and that post-translational modi�cations of 
POSH are important in regulating the composition and function of 
the POSH signaling complex in T cells (7, 23, 29, 30). Using a 
competitive inhibitor of the third SH3 domain of POSH (SH3.3), we 
identi�ed that the predominant scaffold complex in mature CD8 T 
cells contained Vav, Rac1, MLK3, MKK7, JIP-1, and JNK-1, with 
JIP-1 binding to SH3.3 (7). In this study, POSH inhibition led to the 
loss of JNK1 signaling, defects in IFN-g production, delayed 
expression of CD25, and delayed proliferation. In CD4 T cells, we 
found that Rac2, Tak1, MKK7, JIP-1, and both JNK1/2 associated 
within the POSH signaling complex. Interestingly, in CD4 T cells, 
Tak1 was bound to SH3.3, and inhibition resulted in the loss of 
JNK1/2 signals, increased activation-induced cell death, and 
skewing toward a Th2 phenotype (23). Notably, we mapped these 
differences in composition to a phosphorylated tyrosine within the 
R1 binding loop of SH3.3 in CD8 T cells. 

Others have shown that Akt can associate with POSH and 
negatively regulate its induction of JNK signaling, either through 
competitive binding or direct phosphorylation of binding domains 
within POSH (29, 30). Therefore, regulation of POSH-associated 
components adds an interesting layer of complexity to its function. 
While our previous work and others have largely focused on POSH 
SH3.3, a complete understanding of how the entire POSH scaffold 
assembly in�uences CD8 T cell differentiation and effector function 
remains to be elucidated. 

To further understand the impact of POSH scaffold assembly on 
CD8 T cell fate, we developed conditional, T cell-speci�c POSH 
knockout models. We found that POSH is required for proper JNK 
and NF-kB–induced CD25 expression and Akt signaling, both 
essential for SLEC differentiation and survival in vitro and in vivo. 
Additionally, although POSH conditional knockout (POSH cKO) 
CD8 T cells predominantly differentiated into MPECs, these cells 
were unable to survive the contraction phase to form memory cells. 
This study demonstrates the vital role of POSH in coordinating 
JNK, NF-kB, and Akt signals to regulate CD8 T cell fate and 
advances our understanding of how cells utilize scaffolding proteins 
to modulate complex interactions among these pathways. 
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Results 

Con�rmation of POSH knockout 

POSH, expressed by the gene sh3rf1, is a scaffold molecule that 
contains four SH3 domains, a Rac binding domain, and multiple 
polyproline domains able to bind several signaling molecules 
important for T cell development and differentiation. We have 
recently demonstrated, using novel inhibitors, a role for the SH3 
domain 3 (SH3.3) of POSH in regulating the activation of JNK and 
differentiation of T cells in vitro (7, 23). To develop a deeper 
understanding of the role of the full POSH molecule in vivo, we
generated conditional knockout mice strains, POSH�/� CD4-Cre 
and POSH�/� GzmB-Cre, using the IMPC Sh3rf1tm1a(EUCOMM)Hmgu 

construct (Figure 1A, see also methods). These mice contained 
Stop�/� Rosa26 eGFP cassettes to act as a reporter for POSH 
de�cient T cells. The mice were maintained as homozygous for 
the POSH�/� gene, homozygous for eGFP, and Cre positive 
(denoted as POSH�/� CD4-Cre, POSH�/� GzmB-Cre). POSH�/� 

control strains that were Cre negative and Stop�/� Rosa26 eGFP 
homozygous were also generated and are denoted as POSH�/� or 
“Control”. POSH de�cient GFP+ CD8 T cells are referred to as 
POSH cKO in the rest of the paper. 

To con�rm the deletion of POSH, CD8 T cells from POSH�/� 

and POSH�/� CD4-Cre mice were sorted by �ow cytometry. RT­
PCR con�rmed that in POSH�/� CD4-Cre mice, exon 7 is removed 
within CD8 T cells at the genetic level, resulting in a 300-base pair 
Frontiers in Immunology 03 
band (Figure 1B). At the protein level, POSH is undetectable in 
POSH�/� CD4-Cre CD8 T cells as compared to POSH�/� 

(Figure 1C). Thus, POSH is effectively knocked out in POSH�/� 

CD4-Cre CD8 T cells. 
POSH has a minimal role in T cell 
development 

POSH has been linked to JNK, Akt, and NF-kB signaling, and 
crosstalk between these pathways has been implicated in T cell fate 
in the thymus. JNK is important for negative selection in developing 
thymocytes and for effector function in mature cells (4, 5). 
Additionally, NF-kB differentially contributes to T cell 
development depending on the maturation stage, with CD8 T cell 
development being more dependent on NF-kB than CD4 (2, 8, 31). 
Akt and NF-kB interact to support survival and proliferation after 
TCRb selection (3, 8). 

To de�ne the role of POSH in T cell development, the phenotype 
of thymocytes from the thymi of polyclonal POSH�/� CD4-Cre mice 
was examined by �ow cytometry. POSH is deleted in these cells after 
TCRb selection as they transition from CD4-, CD8- double-negative 
(DN) thymocytes to cells expressing both CD4 and CD8, becoming 
CD4+, CD8+ double-positive (DP) thymocytes (32). Thus, our gating 
strategy excluded DN thymocytes and we compared the DP, CD8 
single-positive (CD8SP), and CD4 single-positive (CD4SP) 
populations in the thymi of POSH�/� CD4-Cre mice to those in 
FIGURE 1 

Con�rmation of POSH deletion in POSH�/� CD4-Cre mice. (A) Schematic depicting the original SH3rf1tm1a(EUCOMM)Hmgu genetic construct (top) and 
the construct after deletion of the luciferase/neo cassette (bottom) for the POSH�/� gene (B, C) GFP positive T cells were isolated, lysed, and mRNA 
and protein were isolated. (B) Deletion of exon 7 from the POSH mRNA was con�rmed by RTPCR. (POSH mRNA with exon 7–500 bp, Dexon7 POSH 
mRNA – 300 bp) (C) Deletion of POSH at the protein level was con�rmed by western blot. 
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FIGURE 2 

Polyclonal POSH�/� CD4-Cre T cells have only minor defects in thymic development and maturation. (A) Representative plots (top), frequency 
(bottom left), and number (bottom right) of DP, CD4 and CD8 T cells within B6 (n=7), POSH�/� (n=7) and POSH�/� CD4-Cre (n=9) mice. (B) 
Representative plots (top), frequency (bottom left), and number (bottom right) of the stages of maturation in B6 (n=7), POSH�/� (n=7) and POSH�/� 

CD4-Cre (n=9) where SM is de�ned as CD69+MHC-I-, M1 as CD69+MCH-I+, and M2 as CD69-MCH-I+. (C) Frequency of POSH suf�cient and 
POSH cKO T cells within each stage of maturation in POSH�/� CD4-Cre mice (n=9). Data are shown as mean ± SD and are the combination of two 
independent experiments. Two-way ANOVA with the Geisser-Greenhouse correction and Tukey multiple comparisons (A, B) or Sidak’s multiple 
comparisons (C) test, with individual variances computed for each comparison was used to determine signi�cance with *p<0.05, **p<0.001. 
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C57BL/6 (B6) and POSH�/� control mice (Figure 2A). While there 
are subtle differences in the number and frequency of DP, CD8SP, 
and CD4SP thymocytes, overall, these populations are similar 
between POSH�/� CD4-Cre mice and controls. We additionally 
examined the maturation stages of single-positive thymocytes. Post-
selection SP thymocytes must transition through the semi-mature 
(SM), mature 1 (M1), and mature 2 (M2) stages of maturation, which 
can be identi�ed based on the expression of CD69 and MHC-I. This 
maturation process has been shown to be important for enabling cells 
to mount proliferative responses and activate effector functions upon 
antigen recognition before leaving the thymus (9). We found that 
medullary POSH cKO SP thymocytes appeared to mature normally 
compared to wild-type (WT) SPs from B6 and POSH�/� controls 
(Figure 2B). However, when comparing the frequency of GFP+ POSH 
cKO thymocytes to GFP- WT thymocytes from the same mouse, 
there were subtle but signi�cant differences in the frequencies of SM 
and M2 cells (9), although there was no complete block in 
development (Figure 2C). Together, these results suggest that 
POSH, at least by itself, does not play a major role in T cell 
development or maturation. 
Phenotype of peripheral POSH cKO CD8 T 
cells in POSH�/� CD4-Cre conditional 
mouse model 

We next analyzed the phenotype of GFP+ POSH cKO CD8 T 
cells in the periphery of POSH�/� CD4-Cre mice. There were no 
signi�cant differences in the frequency or total number of CD8 T 
cells in the spleen (Figure 3A). However, within POSH�/� CD4-Cre 
mice, only 75% of all splenic CD8 T cells are GFP+ POSH cKO T 
cells, with the remaining 25% being GFP- WT CD8 T cells 
(Figure 3B). To determine which phenotype of POSH cKO cells 
was missing or lost, we examined the frequency of POSH cKO naïve 
and antigen-experienced CD8 T cells in these mice (Figure 3C). We 
found that approximately 85–90% of naïve CD8 T cells (CD44­

CD62L+) were POSH cKO (Figure 3D). Similarly, about 90% of T 
central memory (Tcm) (CD44+ CD62L+) CD8 T cells were POSH 
cKO (Figure 3D). However, within the T effector (Teff)/effector 
memory (Tem) CD8 population (CD44+ CD62L-), only 40% were 
POSH cKO (Figure 3D). A similar but less pronounced loss of 
POSH cKO cells was observed within the Teff/Tem CD4 T cell 
compartment, along with a signi�cant reduction in all CD25+ 

POSH cKO CD4 T cells (Supplementary Figure 1). Collectively, 
these data suggest that the few GFP- cells that did not delete POSH 
in these mice have a distinct advantage upon activation, providing 
strong support for the role of POSH in the differentiation, 
proliferation, and/or survival of activated CD8 T cells. 
POSH’s role in stimulated CD8 T cell 
differentiation 

The reduced number of POSH cKO CD8 T cells in the effector 
memory pool in POSH�/� CD4-Cre mice led to the hypotheses that, 
Frontiers in Immunology 05 
upon stimulation, POSH cKO CD8 T cells are either unable to 
differentiate into effector or effector memory cells or are unable to 
survive following activation. To test this, we stimulated polyclonal 
CD8 T cells with a-CD3 and a-CD28 in the presence of IL-2 for 4 
days and assessed their activation state (CD25) and differentiation 
state (CD44, CD62L) each day. There were no signi�cant 
differences in the frequency or importantly, the number of CD8 T 
cells between the POSH�/� CD4-Cre and control cultures after 
stimulation (data not shown). However, the percentage of CD25+ 

GFP+ POSH cKO CD8 T cells decreased each day, from 90% on day 
1 to only 20% on day 4 (Figures 4A, B). In contrast, the GFP- POSH 
WT CD8 T cells increased from 10% on day 1 to 80% on day 4 
(Figures 4A, B). 

Next, we examined whether the change in the frequency of 
POSH cKO and WT cells was due to defects in proliferation or 
apoptosis. Using a viability stain, we observed no signi�cant 
difference in cell death between POSH cKO and WT cells 
(Figure 4C). However, signi�cantly fewer POSH cKO cells 
expressed Ki-67, a marker of proliferation, compared to WT CD8 
T cells (Figure 4D), indicating a proliferation defect in POSH cKO 
cells. These �ndings are consistent with previous results obtained 
using our POSH inhibitor (7). 

Given the phenotype of POSH cKO cells in the periphery, we 
also assessed the frequency of CD8 Tcm precursors (CD44+ 

CD62L+) and CD8 Teff (CD44+ CD62L-) cells in vitro. Notably, 
the frequency of POSH cKO Teff cells was signi�cantly reduced at 
day 4, while POSH WT Teff cells continued to increase and 
comprised the majority of the CD8 T cell population (Figure 4E). 
Although the frequency of POSH cKO Tcm cells decreased slightly 
over time, the remaining cells at day 4 more often exhibited the Tcm 
phenotype (Figure 4F). Due to the decrease in POSH cKO Teff cells, 
we next evaluated their effector functions. There was a slight but 
statistically signi�cant decrease in killing capacity, likely not to be 
physiologically or biologically relevant (Supplementary Figure 2). 
Additionally, fewer POSH cKO cells expressed Granzyme B, but 
there was no difference in the frequency of IFN-g-expressing POSH 
cKO cells (Supplementary Figure 3). Thus, while POSH cKO Teff 
cells were capable of acquiring effector functions and being 
recruited into the effector pool early, they exhibited reduced 
proliferation and Teff differentiation in vitro compared to WT 
CD8 T cells. 
POSH cKO CD8 T cells and JNK, NF-kB, 
and Akt signaling 

Given the observed defects during in vitro differentiation 
(Figure 4) and the lack of activated POSH cKO CD8 T cells (Teff/ 
Tem) in the periphery of POSH�/� CD4-Cre mice (Figure 3), we 
hypothesized that these results were linked to defects in JNK, NF­
kB, and/or Akt signaling. To examine these potential defects, we 
puri�ed and stimulated GFP+ POSH cKO CD8 T cells from POSH�/ 

� CD4-Cre mice and analyzed signaling components by Western 
blot. We found that phosphorylation of both JNK1 and JNK2 was 
decreased in CD8 T cells compared to controls (Figure 5A). 
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Additionally, defects in the NF-kB pathway were evident, as 
phosphorylation of IkBa and p65 were also markedly reduced 
(Figure 5B). Finally, phosphorylation of Akt at Serine 473 was 
signi�cantly diminished upon stimulation (Figure 5C). 
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Thus, all three major pathways associated with POSH function 
are reduced in POSH cKO CD8 T cells. These �ndings differ subtly 
from those observed with POSH SH3.3 inhibition, where no defect 
in NF-kB or Akt  signaling  was  detected. This highlights the
FIGURE 3 

POSH cKO CD8 T effector/effector memory cells are lost in POSH�/� CD4-Cre mice. (A) Representative plots (left) and quanti�cation (right) of the 
frequency and number of CD8+ T cells within B6, POSH�/�, and POSH�/� CD4-Cre mice. (B) Representative plot of the frequency of POSH cKO 
(GFP+) CD8+ T cells. (C) Representative plots depicting the frequency of naïve (CD44-CD62L+) and CD44 high CD8 T cells (top). Representative 
plots depicting T cm (CD44+CD62L+) and T effector/effector memory (CD44+CD62L-) CD8 T cells (bottom). (D) Representative plot (left) and 
quanti�cation (right) of POSH cKO (GFP+) cells within the naïve, T cm, and T em CD8 T cell subsets in POSH�/� CD4-Cre mice. Data are shown as 
mean ± SD and are the combination of 3 independent experiments with n=7 B6, n=7 POSH�/�, and n=9 POSH�/� CD4-Cre. Ordinary one-way 
ANOVA with Tukey’s multiple comparison test, with a single pooled variance was used to determine signi�cance with ****p<0.0001. 
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FIGURE 4 

Activated T effector POSH cKO CD8 T cells are lost upon stimulation in vitro. Spleenocytes were isolated from POSH�/� CD4-Cre mice and 
stimulated with aCD3/aCD28 for 4 days. Cells were given IL-2–24 hours post stimulation. (A, B) Representative plot (A) and quanti�cation (B) of the 
frequency of POSH cKO (GFP+) vs WT (GFP-) cells gated on activated (CD25+) CD8 T cells on day 1–4 post stimulation. (C) Representative plot (top) 
and quanti�cation (bottom) of the frequency of POSH cKO (GFP+) vs WT (GFP-) CD8 T cell death 3 days post stimulation. (D) Representative plots 
(top) and quanti�cation (bottom) of the frequency of Ki67 expressing POSH cKO (GFP+) and WT (GFP-) CD8 T cells 3 days post stimulation. (E, F) 
Representative plots (E) and quanti�cation (F) depicting the frequency of POSH cKO cells within the T eff and T cm subsets from POSH�/� CD4-Cre 
mice on days 1–4 post stimulation. Data are shown as mean ± SD and are a combination of 2 independent experiments with n=5 POSH�/� CD4-Cre. 
Multiple paired T test with Holm-Sidak’s multiple comparisons (B, F) or paired two-tailed T test (C, D) was used to determine signi�cance with 
*p<0.05, **p<0.001, ****p<0.0001. ns, not signi�cant. 
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FIGURE 5 

POSH�/� CD4-Cre CD8 T cells have decreased JNK, NF-kB and Akt signaling. Control and POSH�/� CD4-Cre CD8+ T cells were isolated via 
magnetic bead negative selection and stimulated with PMA/Ionomycin (A, C) or aCD3/aCD28 (B) for 0, 10, and 30 minutes. (A) Representative blot 
depicting levels of p-JNK 55 and p-JNK 46 (left) and quanti�cation of fold change (right). (B) Representative blot depicting levels of p-IkBa (top left) 
or p-p65 (bottom left) and quanti�cation of fold change (right) (C) Representative blot depicting levels of p-Akt (left) and quanti�cation of fold 
change (right). Densitometry was calculated by normalizing the ROI of the phosphorylated protein to that of the total protein (ex. [ROI of p-JNK 55]/ 
[ROI of JNK 55]). Fold change was calculated by normalizing the densitometry values to the 0 minute densitometry value (ex. [densitometry of 
Control 10 min]/[densitometry of Control 0 min]). Data are shown as each dot representing one western blot and lines connecting control and 
POSH�/� CD4-Cre from the same western blot. A combination of 3–4 independent experiments are shown for each protein. Two-way ANOVA/ 
Mixed Effect Model was used to determine signi�cance with *p<0.05, **p<0.001. 
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importance of the remaining protein-binding domains within the 
scaffold and provides insight into their essential roles in POSH 
function in CD8 T cells. 
POSH cKO CD8 T cells response to viral 
infection in vivo 

So far, our data suggest that POSH plays an important role in 
the differentiation and proliferation of CD8 T effector subsets in 
vitro. To further assess the role of POSH in CD8 T cell 
differentiation, we next tested the ability of POSH cKO CD8 T 
cells to differentiate in response to viral infection in vivo. To do this, 
we adoptively transferred OT1 POSH�/� (OT1 control) or OT1 
POSH�/� CD4-Cre T cells into congenically marked host mice, 
infected them with VSV-OVA, and tracked antigen-speci�c donor 
CD8 T cells in the blood over the course of the immune response. 

Interestingly, POSH�/� CD4-Cre T cells showed a slight delay in 
their ability to expand in response to VSV-OVA infection 
compared to controls, as the peak response shifted from day 5 to 
day 7 (Figure 6A). However, the donor OT1 POSH�/� CD4-Cre 
CD8 T cells were signi�cantly reduced by days 15 and 28 post-
infection (Figure 6A). Correspondingly, we observed a decrease in 
the frequency of POSH cKO cells and an increase in WT POSH-
suf�cient donor cells on days 15 and 28 post-infection in mice 
transferred with OT1 POSH�/� CD4-Cre CD8 T cells (Figure 6B). 
This suggests that POSH cKO CD8 T cells are less capable 
of survival. 

The balance between Bcl-2 (pro-survival) and Bim (pro­
apoptotic) molecules is critical for the survival of both effector 
and effector memory precursors (33–36). Therefore, we monitored 
their levels throughout the in vivo response and found that OT1 
POSH cKO cells expressed signi�cantly lower levels of Bcl-2 and 
higher levels of Bim on days 5 and 7 compared to OT1 controls 
(Figures 6C, D). This Bim/Bcl-2 phenotype is associated with cell 
death and likely results from defects in NF-kB (10) and Akt 
signaling (Figure 5). Supporting this, at the endpoint of the 
experiment, we found very few OT1 POSH cKO donor T cells in 
the spleen (Figure 6E), and nearly none in the lymph nodes 
(Figure 6F) or kidneys (Figure 6G). Taken together, in addition to 
the apparent defects in survival, these �ndings also indicate that the 
loss of POSH cKO CD8 T effector/effector memory cells (Figure 3) 
was likely not due to a lack of CD4 T cell help. 

To corroborate these �ndings and to determine whether POSH 
availability during early activation could rescue differentiation, we 
performed the same adoptive transfer experiment using OT1 
POSH�/� GzmB-Cre mice. These mice were generated in the 
same manner as described above, and POSH knockout was 
con�rmed by day 3 post-stimulation (Supplementary Figure 4, 
data not shown). As before, OT1 Control or OT1 POSH�/� 

GzmB-Cre CD8 T cells were transferred into congenically marked 
hosts followed by VSV-OVA infection. Similar to what we observed 
with OT1 POSH�/� CD4-Cre CD8 T cells, the peak response of OT1 
POSH�/� GzmB-Cre donor CD8 T cells shifted from day 5 to day 7 
(Supplementary Figure 4A). However, by day 28, the OT1 POSH 
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cKO donor CD8 T cells were again lost from circulation, similar to 
the POSH cKO cells in OT1 POSH�/� CD4-Cre mice (Figure 6, 
Supplementary Figure 4A). Additionally, POSH cKO cells failed to 
outcompete WT POSH cells in mice adoptively transferred with 
OT1 POSH�/� GzmB-Cre cells (Supplementary Figure 4B). 
Similarly, there was a signi�cant decrease in Bcl-2 expression and 
a notable increase in Bim within OT1 POSH cKO donor CD8 T 
cells (Supplementary Figures 4C, D). The OT1 POSH cKO CD8 T 
cells were also not detected in the spleen, lymph nodes, or kidneys 
of the recipient mice (Supplementary Figures 4E–G). Thus, POSH 
cKO CD8 T cells, regardless of when POSH expression is lost, are 
unable to survive into the memory phase following VSV infection. 

Given the loss of T effector cells observed in vitro and the 
reduction of memory cells in vivo (Figures 4, 6), we assessed the 
activation and differentiation status of antigen-speci�c donor CD8 
T cells in response to VSV-OVA infection. We found that, at both 
day 5 and day 10 post-infection, there was a signi�cant reduction in 
the frequency of CD44+ CD25+ POSH cKO CD8 T cells compared 
to CD44+ CD25- POSH cKO cells (Figures 7A–C). This �nding 
al igns  with  the  observed  defects  in  JNK  and  NF-kB 
signaling (Figure 5). 

Importantly, CD25 and IL-2 are essential for SLEC 
differentiation via the Akt/mTOR pathway, and loss of these 
signals has been shown to increase MPEC differentiation (12, 14, 
15, 37–39). Based on the loss of CD25 expression and the signi�cant 
reduction in Akt phosphorylation in POSH cKO cells, we 
hypothesized that POSH cKO CD8 T cells would exhibit 
decreased SLEC and increased MPEC differentiation. This is 
supported by our data showing that, by day 10 post-infection, 
POSH cKO CD8 T cells within the SLEC population were 
signi�cantly reduced, with these cells primarily differentiating into 
MPECs (Figures 7D–F). Collectively, the lack of CD25 expression 
and defects in Akt signaling (Figure 5) suggest that impaired CD25 
signaling through Akt contributed to defective SLEC differentiation 
and survival. These �ndings highlight a role for POSH in 
coordinating JNK, NF-kB, and/or Akt signals that support proper 
SLEC differentiation. 

Finally, due to the impaired Akt signaling in POSH cKO cells 
and the decreased SLEC differentiation, we examined downstream 
activity of the Akt/mTOR pathway, which is known to be essential 
for T-bet expression and SLEC differentiation (12, 14, 15). Given the 
reduced SLEC and increased MPEC differentiation observed, we 
hypothesized that POSH cKO CD8 T cells would exhibit decreased 
T-bet expression and p-S6, a downstream marker of mTOR activity, 
along with increased Eomes expression. 

We found that, 24 hours post-stimulation in vitro, POSH cKO 
CD8 T cells had signi�cantly lower levels of p-S6 compared to 
control CD8 T cells (Figures 8A, B). There was also a signi�cant 
decrease in T-bet+ POSH cKO CD8 T cells (Figures 8C, D), 
con�rming their impaired differentiation into T effector cells. 
Interestingly, Eomes+ POSH cKO CD8 T cells were also reduced 
in POSH�/� CD4-Cre cultures (Figures 8E, F). While unexpected, 
the reduced Eomes expression—likely mediated by the observed 
NF-kB defects (Figure 5)—may explain the poor survival of the 
early-formed MPEC population during the immune response (2, 
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FIGURE 6 

POSH cKO donor cells are not equipped to survive into the memory phase post VSV-OVA infection. 100,000 OT1 Ly5.2 Control or OT1 Ly5.2 
POSH�/� CD4-Cre CD8 T cells were adoptively transferred into Ly5.1 B6 hosts. 24 hours later mice were injected i.v. with VSV-OVA. Tail bleeds were 
performed 5, 7, 11, 15, and 28-days post infection. 33 days post infection, mice were humanely euthanized and spleen, lymph node (LN) and kidney 
were harvested. (A) Frequency of Ly5.2 CD8+ donor cells in the blood post VSV-OVA infection. n=4 OT1 Control and n=7 OT1 POSH�/� CD4-Cre. 
(B) Frequency of POSH cKO (GFP+) vs WT (GFP-) Ly5.2 CD8+ donor cells of mice adoptively transferred with OT1 POSH�/� CD4-Cre cells (n=7). (C, 
D) Representative plots (left) and quanti�cation (right) of the gMFI of Bcl-2 (C) and Bim (D) within Ly5.2 CD8+ donor cells post VSV-OVA infection. 
n=2 OT1 Control and n=7 POSH�/� CD4-Cre. (E-G) Frequency of Ly5.2 CD8+ donor cells in the spleen (E), LN  (F), and kidney (G) 33 days post VSV­
OVA infection. n=4 OT1 Control and n=7 OT1 POSH�/� CD4-Cre. Data are shown as mean ± SD and are the combination of 5 independent 
experiments. Signi�cance was determined using (A) Multiple unpaired T test with Holm-Sidak multiple comparisons test (B) Multiple paired T test 
with Holm-Sidak’s multiple comparisons (C, D) Mixed-effects model with the Geisser-Greenhouse correction and Sidak’s multiple comparisons test 
with individual variances computed for each comparison or (E-G) Unpaired two-tailed T test with *p<0.05, **p<0.001, ***p<0.0002, ****p<0.0001. 
ns, not signi�cant. 
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 7 FIGURE

CD25+ POSH cKO cells are signi�cantly reduced in vivo. 100,000 OT1 Ly5.2 Control or OT1 Ly5.2 POSH�/� CD4-Cre CD8 T cells were adoptively 
transferred into Ly5.1 B6 hosts. 24 hours later mice were injected i.v. with VSV-OVA. On day 5 or day 10 post infection, mice were humanely 
euthanized, and spleens were harvested for analysis. (A) Representative plots depicting frequency of CD25- and CD25+ CD8+ donor cells on day 5 
and day 10 post infection (left). Representative plots depicting the frequency of POSH cKO (GFP+) cells within the CD25- and CD25+ CD8+ donor 
subsets of mice adoptively transferred with OT1 POSH�/� CD4-Cre cells on days 5 and 10 post infection (right). B-C) Quanti�cation of the frequency 
of POSH cKO (GFP+) cells within the CD25- and CD25+ CD8+ donor subsets of mice adoptively transferred with OT1 POSH�/� CD4-Cre cells 5 
days (B) or 10 days (C) post infection. (D) Representative plots depicting frequency of MPEC (CD127+KLRG1-) and SLEC (CD127-KLRG1+) CD8+ 
donor cells on day 5 and day 10 post infection (left). Representative plots depicting the frequency of POSH cKO (GFP+) cells within the SLEC and 
MPEC CD8+ donor subsets of mice adoptively transferred with OT1 POSH�/� CD4-Cre cells on days 5 and 10 post infection (right). (E, F) 
Quanti�cation of the frequency of POSH cKO (GFP+) cells within the MPEC and SLEC CD8+ donor subsets of mice adoptively transferred with OT1 
POSH�/� CD4-Cre cells 5 days (E) or 10 days (F) post infection. Data are shown as mean ± SD and the combination of 2 independent experiments 
with n=5 OT1 POSH�/� CD4-Cre mice at each time point. Paired two-tailed T test was used to determine signi�cance with **p<0.001, ***p<0.0002. 
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