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ABSTRACT OF THE THESIS

Y-Box Binding Proteins Regulate CD8" T Cell Differentiation and Function

by

Max Tyler Mamroth
Master of Science in Biology

University of California San Diego, 2019

Professor John Chang, Chair
Professor Ananda Goldrath, Co-chair

CD8* T cells are important for pathogen clearance and have many intrinsic and extrinsic
factors that can determine how they differentiate into effector and memory cells. The Y-box
binding protein (YBX) family of genes have been identified as potential regulators of CD8* T
cell differentiation as early as the first division (Kakaradov et al. 2017). Previous studies have
shown that YBX1 and YBX3 affect various cellular pathways and functions; however, none have
focused on YBX genes affecting CD8" T cell differentiation and function. To address this gap in
knowledge, this thesis investigated the effects on CD8" T cell differentiation at early and late

time points in an acute infection model using an shRNA approach. To do this, we validated

vi



retroviral ShRNAs that knocked down YBX1 and YBX3, and a control non-targeting retroviral
construct. Activated P14 CD45.1 and CD45.1.2 CD8" T cells were transduced with targeting and
non-targeting retroviruses, respectively, and adoptively transferred into recipient mice that
weresubsequently infected with lymphocytic choriomeningitis virus (LCMV) Armstrong. Seven
days and thirty days after infection, mice were sacrificed, and spleen and small intestine tissue
were analyzed using flow cytometry. Relative to the non-targeting control-transduced cells, cells
knocked down for YBX1 and YBX3 expression exhibited reduced CD8" TE and CD8" Tcm
populations. Knockdown of YBX1 and YBX3 expression also resulted in an increase of CD8*
Trm cells within the small intestine, and an increase of circulating Tewm cells and cytokine-

producing cells.
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Introduction

Cytotoxic T cells (CD8" T cells) are a type of adaptive immune cell important for pathogen
clearance (Bender B., Croghan T., Zhang L. Small P., 1992), and have been shown to differentiate into
both terminal effector (TE cells) cells and different memory cell subsets in response to infection (Gerlach
et al., 2007, Kaech and Wherry, 2007, Chang, Wherry, and Goldrath, 2014). CD8" TE cells express killer
cell lectin-like receptor G1 (KLRG1) at high levels and IL-7R at low levels (KLRG1"IL-7R"); this subset
appears early after acute infection, is terminally differentiated, and has lost its ability to proliferate
further, but can still produce cytokines necessary to fight infection such as interferon gamma (IFN-y) or
tumor necrosis factor alpha (TNF-a)) (Joshi et al. 2007, Kaech et al., 2003, Hamann et al., 1997). Memory
precursor (MP) cells (KLRG1"IL-7R™) do not give rise to only one memory cell subset, but depending on
various signals, can differentiate into various types of memory cells (Kaech et al., 2003, Sallusto F.,
Lening D., Forester R., Lipp M., and Lanzavecchia A., 1999, Casey et al., 2012, Harty and Badovinac,
2008). One such subset, tissue-resident memory (Trm) cells, express surface markers CD69 and CD103
(Kumar et al., 2017, Sathaliyawa et al., 2013) and are commonly located at mucosal sites where microbes
are most often encountered such as the intraepithelial lymphocytes (IEL) (Schenkel J. and Masopust D.,
2014, Sheridan and Lefrancois, 2010). Two long-lived circulating memory CD8* T cell subtypes are
effector memory (Tem) and central memory (Tcm) T cells. Tewm cells express high levels of CD62L and IL-
7R (CD62L"IL-7RM), are lymph-node homing but lack inflammatory and cytotoxic function, and can
differentiate to Tem cells; Tewm cells lack CD62L but still express high levels of IL-7R (CD62LPIL-7R™),
are tissue-homing, and can mediate inflammatory reactions and cytotoxicity (Sallusto F. et al., 1999,
Faassen et al., 2005, Huster et al., 2004). CD8* Trm cells and effector T cells produce cytokines such as
IFN-y, TNF-a, or interleukin 2 (IL-2) to cause inflammation or promote expansion of immune cells
during an infection (Seder et al., 2008, Kumar et al., 2017).

Prior studies have shown that transcription factors, such as T-bet, and the amount of inflammation
present, as indicated by inflammatory cytokines such as IFN-y or TNF-a, play a pivotal role in early

CD8" T cell differentiation (Joshi et al., 2007, Badovinac et al., 2004). One gene that has been identified



as a potential regulator of CD8" T cell differentiation at the first division for differentiation of TE cells is
the Y-box binding protein (YBX) family of genes (Kakaradov et al., 2017). YBX1 and YBXS3, both cold
shock domain proteins, located on human chromosome 1 and 12 respectively, are known to have
regulatory effects on cell differentiation, cell trafficking, cellular proliferation, and cytokine synthesis in a
variety of inflammatory diseases and cancers (Bernhardt et al., 2017 Lovett et al., 2010, Bergmann et al.,
2005, Linquist et al., 2014). Because no studies have investigated the effects YBX1 or YBX3 have on
regulating CD8* T cells differentiation in an acute infection model, we generated retroviruses encoding
short hairpin RNA (shRNA) that knockdown YBX1 or YBX3 to transduce into CD8" T cells. We then
studied how knockdown of YBX1 and YBX3 affected CD8" T cells differentiation into effector and
memory subsets in vivo after exposure to lymphocytic choriomeningitis virus (LCMV) Armstrong. We
hypothesized that YBX1 and YBX3 would have a pivotal role on differentiation of CD8" TE and MP

cells, as well as exhibit a continued effect through differentiation into memory cells.



Methods and Materials
Mice

All mice were housed in specific pathogen-free conditions. All experiments were
approved and conducted in accordance with the Institutional Animal Care and Use Committees
(IACUC) of the University of California, San Diego. Wild type C57BL/6J mice were purchased
from Jackson Laboratory. LCMV GP 33-41 TCR-transgenic P14 mice and mice with expression

of congenic molecules CD45.1, CD45.1.2, or CD45.2 were maintained in our colony.

Isolations

For isolation of small intestine intraepithelial lymphocytes (IEL), the small intestine was
removed, Peyer’s patches were excised, and the intestine was cut longitudinally and then cut
laterally into 1cm? pieces. These pieces were incubated in 10% HBSS/HEPES bicarbonate with
0.154 mg/mL dithioerythritol (DTE) for 30 minutes at 37°C while stirred at 200 RPM. From the
supernatant, lymphocytes were separated using a 44/67% Percoll (Sigma Aldrich) density
gradient. Spleens were mechanically dissociated, filtered through a 70um nylon cell strainer

(Falcon), and treated with a red blood cell lysis buffer (Sigma Aldrich).

Antibodies, intracellular staining, flow cytometry, and cell sorting

Flow cytometry analysis was performed on a BD AccuriC6 or BD LSRFortessa X-20.
Cell sorting was performed on BD FACSAria. The following antibodies were used: anti-CD8a.
(clone 53-6.7), anti-KLRG1 (2F1), anti-CD45.1 (A20), anti-CD45.2 (104), anti-IL-7R (A7R34),
anti-CD69 (FN50), anti-CD43-A (1B11), anti-CD62L(MEL-14), anti-CD103 (2E7), anti-

CX3CR1 (SA011F11), anti-CD27 (LG.3A10), anti-IFN-y (XMG1.2), anti-TNF-a. (MP6-XT22),



anti-1L-2 (JES6-5H4), anti-Thet (4B10), anti-K167 (Ki-67; all from Biolegend), and anti-
Foxo1(C29H4), anti-TCF7 (C63D9, both from Cell Signaling Technology). To analyze cytokine
production, CD8" T cells were re-stimulated with the gp33-41 peptide for 3 or 4 hours for IEL or
splenic tissue respectively. For intracellular staining of cytokines or transcription factors while
preserving Ametrine expression, cells were fixed with 2% PFA diluted in PBS for 45 minutes in
the dark at room temperature. Intracellular staining for cytokines was performed using
Permeabilization Buffer 10X purchased from Invitrogen. Transcription factor staining was

performed using Permeabilization Buffer 10X purchased from eBioscience.

SshRNA development and validation of knockdown using gPCR

YBX1 and YBX3 knockdown construct plasmids were isolated from bacterial colonies
obtained from transOMIC technologies using a maxiprep kit (Qiagen) and concentration
measured using a NanoDrop spectrometer (Thermo Scientific). The vectors were then frozen at -
20°C until needed. For transfections, 293T cells were plated on 100mm x 30mm plates (Falcon)
at a density of 9 x 10° cells per plate one day prior to transfection. Each plate was then
transfected with 30ug of target DNA and 15ug of pCL-Eco. Retroviral supernatant was
harvested at 32 hours and 56 hours after transfection.

For CD8* T cell activation in vitro, naive CD8" T cells from spleen and lymph nodes
were negatively enriched using a CD8* T cell isolation kit 11 (Miltenyi Biotec) and 1 x 106 CD8*
T cells were plated in the middle 24 wells of a 48-well plate that were pre-coated with 100ug/mL
goat anti-hamster IgG (H+L, Invitrogen) and 5ug/mL anti-CD3 and 5ug anti-CD28. 18 hours
after activation, media was removed and replaced with retroviral supernatant with 10mg/mi

polybrene (Millipore/Fisher) followed by spinfection (90 min. centrifugation at 950 x g). 1 hour



after spinfection, the CD8" T cells were washed, and media was replaced with full media and
10U/mL of IL-2. 72 hours after media was replaced, 90% of each construct’s wells were pooled
together, washed with HBSS containing 1% FBS and sorted by CD8 and Ametrine positivity
using BD FACSAria. Cells were then stored in QlAzol (Qiagen) reagent and frozen in -80°C
until needed. RNA was extracted from these cells using the RNeasy mini kit by Qiagen. Equal
amounts of RNA were used to synthesize cDNA using the cDNA synthesis kit by Applied
Biosystems. Primers were designed using Primer-BLAST. Quantitative PCR was performed on
a CFX96 gPCR machine (Bio-Rad) using SsoAdvanced SYBRgreen Supermix (Bio-Rad). The
AACt method was used to calculate relative levels of gene expression; RPL13 was used as a
normalization control. The sequences for primers used in this study: YBX1 forward 5°-
GCCGGCTTACCATCTCTACC -3°, and YBXI1 reveres 5’- GAAACACCCCAGACTAGCCC -
3’. YBX3 forward 5’-AAAGAGACCAAGGCAGGTGA-3’, and YBX3 reverse 5°-

GTAAGGTCGTGGGTGTGCTT-3".

CD8* T cell transduction, cell transfer, and infection

Naive CD8" T cells were isolated and transduced with shRNAs as described above,
washed and transferred into mice within 6 hours after spinfection. Recipient congenic CD45.2
mice were injected intravenously with a 1:1 ratio of sex-matched P14* CD8" T cells. CD45.1 and
CD45.1.2 cells were transduced with either target or non-targeting retrovirus, respectively. A
total of 1.5 x 10° transduced P14 CD8" T cells were injected into each recipient. One hour after
transfer, recipient mice were infected through intraperitoneal (i.p) injection with 2 x 10° PFU
lymphocytic choriomeningitis virus (LCMV) Armstrong. All experiments were performed either

seven days or thirty days after infection with LCMV Armstrong.



Statistics
Data was analyzed using a paired parametric students t-test; differences at p values less
than .05 were considered significant. Statistical analyses were performed using Prism 7

(GraphPad Software Inc, San Diego, CA, USA).



Results
Validation of Knockdown for YBX1 and YBX3

To determine knockdown efficiency, we transduced naive CD8* T cells with Ametrine-
expressing retroviruses expressing short hairpin RNA (shRNA) targeting YBX1 (shYBX1) or
YBX3 (shYBX3), or a nontargeting control (shControl). After 72 hours the transduced cells were
FACS sorted by Ametrine-positive CD8" T cells, and RNA was extracted from 3 x 10°
transduced CD8" T cells. Equal amounts of RNA were synthesized into cDNA and measured
using Quantitative Real-Time PCR to determine percent expression changes (Fig. 1A). Relative
to control cells transduced with shControl, knockdown of YBX1 resulted in a 93.5% reduction of
its expression (Fig. 1B), and knockdown of YBXS3 resulted in a 93% reduction of expression

(Fig. 1C).

Knockdown of YBX3 results in a reduction of CD8* TE cells and an increase of CD8* MP
cells, small intestine CD8* Trwm cells, and cytokine-producing cells in spleen and IEL

To investigate the effects on CD8* T cells transduced with shYBX3, activated P14 CD8*
T cells expressing the congenic marker CD45.1 were transduced with the shYBX3 retrovirus,
while activated P14 CD8"* T cells expressing the congenic marker CD45.1.2 were transduced
with the shControl retrovirus. A 1:1 mixture of these cells were injected i.v. into recipient
CD45.2 mice, followed by i.p. infection of recipient mice with LCMV Armstrong one hour later
(Fig. 2A). To determine how YBXS3 regulates circulating CD8" T cells, recipient mice were
sacrificed and splenocytes were analyzed on day seven post-infection by flow cytometry.
Knockdown of YBX3 resulted in a significantly reduced number and frequency of KLRG1"IL-

7R TE phenotype cells (Fig. 2B, 2C). By contrast, knockdown of YBX3 resulted in



significantly reduced numbers and frequencies of KLRG1"°IL-7R" MP phenotype cells (Fig.
2D). Next, we evaluated whether knockdown of YBX3 would alter the production of
inflammatory cytokines by circulating CD8" T cells. CD8" T cells from the spleens of recipient
mice were restimulated with gp33-41 protein for 4 hours and then analyzed with flow cytometry.
Knockdown of YBXS3 resulted in increased numbers and frequencies of CD8" T cells expressing
IFN-y, TNF-a, and IL-2 (Fig. 2E-G). Moreover, the mean fluorescence intensity of TNF-a in
cells knocked down for YBX3 was increased when compared to cells transduced with shControl
(Fig. 2H).

Lastly, we sought to assess the role of YBX3 in the differentiation of small intestine IEL
Trm CD8" T cells. Seven days after infection of recipient mice with LCMV Armstrong, flow
cytometry of IEL revealed that compared to shControl, knockdown of YBX resulted in increased
numbers of CD8* CD69* CD103* cells (Fig. 21, 2J). Knockdown of YBX3 also resulted in
increased numbers and frequencies of small intestine CD8* T cells producing IFN-y, TNF-a, and
IL-2 (Fig. 2K-M). Moreover, the mean fluorescence intensities of TNF-o and IFN-y were

increased in cells transduced with shYBX3 compared to shControl transduced cells (Fig. 2N).

YBX3 regulates CD8* Tewm cell differentiation and small intestine Trm cell cytokine
production 30 days after infection

To determine the effects of YBX3 on memory cell differentiation, splenocytes and IEL
were isolated from recipient mice 30 days after infection with LCMV Armstrong. Measuring
CD62L and IL-7R of CD8" T cells from splenocytes using flow cytometry indicated a substantial
increase in number and frequency of the Tem cell subset (CD62L' IL-7RM) in cells transduced

with shYBXa3 relative to cells transduced with shControl (Fig. 3A-C). Furthermore, we observed



a reduction in the numbers and frequencies of the long-lived effector T cell (LLE, CD62L"IL-
7R'%) and Tcwm cell (CD62L"IL-7RM) subsets, relative to CD8* T cells transduced with shControl
(Fig. 3A-C). However, at 30 days post-infection, splenic CD8" T cells transduced with shYBX3
or shControl were not different in their ability to produce IFN-y, TNF-a, or IL-2 (Fig. 3D-G).
Consistent with our observations in the small intestines of recipient mice seven days after
infection, YBX3 knockdown resulted in reduced numbers and frequencies of CD8* CD69*
CD103" cells 30 days after infection (Fig. 3H, 31). However, these cells exhibited an increased
propensity to produce IFN-y, TNF-a, and IL-2 30 days after infection (Fig. 3J-L). The mean
fluorescence intensities of IFN-y, TNF-a, and IL-2 were not different in cells transduced with

shYBX3 compared to those transduced with shControl (Fig. 3M).

Knockdown of YBX1 affects circulatory and IEL effector CD8* T cell differentiation and
function

Using an identical approach as that used to study YBX3, CD45.1 or CD45.1.2 P14 CD8"
T cells were transduced with retrovirus encoding sShRNA targeting YBX1 or a non-target control
retrovirus, respectively. Cells were injected i.v. into recipient mice which were subsequently
infected with LCMV Armstrong (Fig. 2A). Seven days after infection, spleens and small
intestine IEL were harvested from recipient mice and analyzed by flow cytometry. Consistent
with knockdown of YBX3, knockdown of YBX1 resulted in a significantly reduced number and
frequency of TE phenotype cells relative to cells transduced with shControl (Fig. 4A, 4B).
Knockdown of YBX1 resulted in a significant increase of frequency of MP phenotype cells;
however, compared to shControl, knockdown of YBX1 did not result in a greater absolute

number of MP cells (Fig. 4A, 4C).



To investigate the role YBX1 has on cytokine production seven days after infection,
CD8* T cells from the spleens of recipient mice were restimulated with gp33-41 peptide for 4
hours and analyzed with flow cytometry. Compared to shControl, when YBX1 was knocked
down, CD8" T cells exhibited a reduction in number, but an increase in frequency of IFN-y and
TNF-a-producing cells (Fig. 4D, 4E); however, there was no difference in frequency of IL-2-
producing cells seven days after infection (Fig. 4D, 4F). Interestingly, a decrease in mean
fluorescence intensity of IFN-y was observed in cells knocked down for YBX1 relative to those
transduced with shControl (Fig. 4G). Lastly, seven days after infection, small intestine IEL
CD8* CD69* CD103* cells knocked down for YBX1 were increased in frequency compared to
cells transduced with shControl; moreover, the number of cells were significantly reduced (Fig.

4H, 41).

YBX1 regulates CD8* Tem cell and small intestine CD8* Trwm cell differentiation and
function

At 30 days after infection with LCMV Armstrong, YBX1 knockdown resulted in
decreased numbers of LLE, Tem, and Tcm memory subsets (Fig. 5A, 5B). Like cells knocked
down for YBX3, cells that were knocked down for YBX1 were observed to have an increase in
the frequency of Tewm cells, and decreased frequency of LLE cells and Tcwm cells (Fig. 5C). At 30
days post-infection, knockdown of YBX1 resulted in no differences in number, frequency, or
mean fluorescence intensities of IFN-y and TNF-a-producing cells compared to control (Fig. 5D,
5E). However, these cells exhibited a reduction in frequency of IL-2 producing cells, although

the absolute numbers and MFI of these cells were unchanged (Fig. 5D, 5F, 5G). Lastly,

10



knockdown of YBX1 resulted in an increased frequency but decreased absolute number of small

intestine CD8* CD69* CD103* cells 30 days after infection (Fig. 5H, 51).
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Figure 1: Validation of retrovirus to knockdown specific genes. (A) Naive CD8" T cells were
isolated from C57BL/6 mice and activated in vitro using anti-CD3 and anti-CD28 mAbs. After
18 hours activated cells were transduced via spinfection with retrovirus targeting YBX3, or
YBX1, or a nontargeting control construct. Following spinfection, IL-2 was added to media for
72 hours. Transduced cells were then stained with anti-CD8 antibody and FACS sorted for
Ametrine* CD8" T cells. Following cell sorting, 3 x 10° cells were used for RNA extraction.
Equal amounts of RNA were then used for cONA synthesis. Finally, gPCR was performed using
equal amounts of cDNA. (B) gPCR analysis of YBX1 mRNA,; results are presented relative to
those of shControl-transduced cells. (C) gPCR analysis of YBX3 mRNA,; results are presented
relative to those of shControl-transduced cells.

12



Figure 2: YBX3 regulates circulating effector CD8" T cell differentiation, IEL CD8" Trm
differentiation, and T cell function. (A) Naive CD8" T cells were isolated from CD45.1 or
CD45.1.2 P14 mice and activated in vitro using anti-CD3 and anti-CD28 mAbs. After 18 hours,
activated cells were transduced via spinfection with retrovirus targeting YBX3 (onto CD45.1
P14 CD8" T cells) or a nontargeting control construct (CD45.1.2 P14 CD8" T cells). Within 6
hours of spinfection, transduced cells were counted and mixed into a 1:1 ratio of transduced
CD45.1 cells to CD45.1.2 cells. 200pl of cells totaling 1.5x10° transduced cells were then
injected intravenously (i.v.) into recipient mice. 1 hour after transfer of cells, recipient mice were
infected intraperitoneally (i.p.) with 2x10° PFU of Lymphocytic choriomeningitis virus (LCMV)
Armstrong. (B) Flow cytometry of shRNA-transduced cells from host mice following i.v. co-
transfer of P14 CD8* T cells that had been activated in vitro and transduced for 6h with
shControl or shYBX3 constructs, followed by i.p. infection of the recipients with LCMV
Armstrong (as in 2A). Splenocytes were analyzed seven days later for KLRG1 and IL-7R
expression. Numbers in quadrants indicate percent cells. Plot on the right indicates gating
strategy for TE and MP subsets. (C) Quantification (left) or frequency (right) of TE CD8" T cells
as in B. (D) Quantification (left) or frequency (right) of MP CD8" T cells as in B. (E) Flow
cytometry of splenocytes was performed as described in B and analysis of TNF-a, IFN-y, and IL-
2 expression is shown. Cells were stimulated for 4 hours with gp33 peptide. Numbers in
quadrants indicate percent cells. (F) Quantification (left) or frequency (right) of splenic TNF-a*
IFN-y* CD8" T cells as in E. (G) Quantification (left) or frequency (right) of splenic IL-2* CD8"
T cells as in E. (H) Mean fluorescent intensity (MFI) of splenic TNF-a* (left), IFN-y" (middle),
or IL-2" (right) CD8" T cells as in E. (I) Flow cytometry of cells as described in B. Intraepithelial
lymphocytes (IEL) isolated from the small intestinal tissue were analyzed seven days later and
CD69 and CD103 expression was quantified. Numbers in quadrants indicate percent cells. (J)
Quantification (left) or frequency (right) of IEL CD8* CD69* CD103" cells as in I. (K) Flow
cytometry of IEL isolated from the small intestinal tissue performed as described in I and
analysis of TNF-a, IFN-y, and IL-2 expression is shown. Cells were stimulated with gp33
peptide for 3 hours. Numbers in quadrants indicate percent cells. (L) Quantification (left) or
frequency (right) of IEL TNF-a" IFN-y* CD8" T cells as in K. (M) Quantification (left) or
frequency (right) of IEL IL-2" CD8" T cells as in K. (N) MFI of IEL TNF-a* (left), IFN-y*
(middle), and IL-2" (right) CD8" T cells as in K. n = 4 for all groups. Data reported as mean +/-
SEM.* P <.05, ** P <.01, *** P <.001, **** P <.0001 (paired parametric t-test). Data are
representative of two experiments.
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Figure 2 continued.
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Figure 3: YBX3 regulates differentiation of circulating CD8" Tem and Tcm cells, small intestine
CD8" Trwm cells, and function of IEL CD8" Trm cells. (A) Flow cytometry of shRNA-transduced
cells from host mice following i.v. co-transfer of P14 CD8" T cells that had been activated in
vitro and transduced for 6h with shControl or shYBX3, followed by i.p. infection of the hosts
with LCMV Armstrong (as in 2A). Splenocytes were analyzed 30 days later for CD62L and IL-
7R expression. Numbers in quadrants indicate percent cells. Plot on the right indicates gating
strategy for LLE, Tem, and Tcwm subsets. (B) Quantification of splenic LLE, Tem, and Tcm CD8*
T cells as in A. (C) Frequency of splenic LLE (left), Tem (middle), and Tcewm (right) CD8™ T cells
asin A. (D) Flow cytometry of splenocytes was performed as described in A and analysis of
TNF-a, IFN-y, and I1L-2 expression is shown. Cells were stimulated for 4 hours with gp33
peptide. Numbers in quadrants indicate percent cells. (E) Quantification (left) or frequency
(right) of splenic TNF-o" IFN-y* CD8" T cells as in D. (F) Quantification (left) or frequency
(right) of splenic IL-2" CD8" T cells as in D. (G) MFI of splenic TNF-a* (left), IFN-y* (middle),
and IL-2" (right) CD8" T cells as in D. (H) Flow cytometry of cells as described in A. IELs
isolated from the small intestinal tissue were analyzed 30 days later and CD69 and CD103
expression was quantified. Numbers in quadrants indicate percent cells. (I) Quantification (left)
or frequency (right) of IEL CD8* CD69* CD103* cells as in H. (J) Flow cytometry of IEL was
performed as described in H and analysis of TNF-a, IFN-y, and IL-2 expression is shown. Cells
were stimulated with gp33 peptide for 3 hours. Numbers in quadrants indicate percent cells in
each throughout. (K) Quantification (left) or frequency (right) of IEL TNF-a* IFN-y* CD8" T
cellsasin J. (L) Quantification (left) or frequency (right) of IEL IL-2* CD8" T cells as in J.
(M) MFI of IEL TNF-a" (right), IFN-y* (middle), and IL-2" (right) cells CD8* T cellsas in J. n =
4 for all groups. Data reported as mean +/- SEM. * P < .05, ** P <.01 (paired parametric t-test).
Data are representative of two experiments.
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Figure 3 continued.
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Figure 4: YBX1 regulates circulating effector CD8" T cell differentiation, IEL CD8" Trm
differentiation, and T cell function. (A) Flow cytometry of shRNA-transduced cells from host
mice following i.v. co-transfer of P14 CD8" T cells that had been activated in vitro and
transduced for 6h with shControl or shYBX1 constructs, followed by i.p. infection of recipient
mice with Lymphocytic choriomeningitis virus (LCMV) Armstrong (as in 2A). Splenocytes were
analyzed seven days later for KLRG1 and IL-7R expression. Numbers in quadrants indicate
percent cells. Plot on the right indicates gating strategy for TE and MP subsets. (B)
Quantification (left) or frequency (right) of TE CD8" T cells as in A. (C) Quantification (left) or
frequency (right) of MP CD8* T cells as in A. (D) Flow cytometry of splenocytes was performed
seven days after infection as described in A and analysis of TNF-a, IFN-y, and IL-2 expression is
shown. Cells were stimulated for 4 hours with gp33 peptide. Numbers in quadrants indicate
percent cells. (E) Quantification (left) or frequency (right) of splenic TNF-a" IFN-y* CD8" T
cells as in D. (F) Quantification (left) or frequency (right) of splenic IL-2* CD8" T cells as in D.
(G) MFI of splenic TNF-a* (left), IFN-y* (middle), or IL-2" (right) CD8" T cells as in D. (H)
Flow cytometry of cells as described in A. IEL isolated from the small intestinal tissue were
analyzed seven days later and CD69 and CD103 expression was quantified. Numbers in
quadrants indicate percent cells. (1) Quantification (left) or frequency (right) of IEL CD8" CD69*
CD103" cells as in H. n = 5 for all groups. Data reported as mean +/- SEM.* P < .05, ** P <.01,
*** P < .001 (paired parametric t-test). Data are representative of four experiments.
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Figure 5: YBX1 regulates differentiation of circulating CD8" Tem and Tcm cells, small intestine
CD8" Trw cells, and T cell function. (A) Flow cytometry of shRNA-transduced cells from host
mice given i.v. co-transfer of P14 CD8" that had been activated in vitro and transduced for 6h
with shControl or shYBX1, followed by i.p. infection of the recipients with LCMV Armstrong
(as in 3A). Splenocytes were analyzed 30 days later for CD62L and IL-7R expression. Numbers
in quadrants indicate percent cells. Plot on the right indicates gating strategy for LLE, Tem and
Tcwm subsets. (B) Quantification of splenic LLE, Tem, and Tcm CD8" T cells as in A. (C)
Frequency of splenic LLE (left), Tem (middle), and Tcwm (right) CD8™ T cells as in A. (D) Flow
cytometry of splenocytes was performed 30 days after infection as described in A and analysis of
TNF-a, IFN-y, and I1L-2 expression is shown. Cells were stimulated for 4 hours with gp33
peptide. Numbers in quadrants indicate percent cells. (E) Quantification (left) or frequency
(right) of splenic TNF-o" IFN-y* CD8" T cells as in D. (F) Quantification (left) or frequency
(right) of splenic IL-2" CD8" T cells as in D. (G) MFI of splenic TNF-a* (left), IFN-y* (middle),
or IL-2" (right) CD8" T cells as in D. (H) Flow cytometry of cells as described in A. IEL isolated
from the small intestinal tissue were analyzed 30 days later and CD69 and CD103 expression
was quantified. Numbers in quadrants indicate percent cells. (I) Quantification (left) or
frequency (right) of IEL CD8* CD69* CD103* cells as in H. n =5 for all groups. Data reported
as mean +/- SEM. * P < .05, ** P <.01 (paired parametric t-test). Data are representative of four
experiments.
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Figure 5 continued.
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Discussion

The cold shock domain proteins YBX1 and YBX3 are known to play roles in cell
trafficking, inflammatory responses, cytokine production, and cellular proliferation in cancer
models (Brandt et al., 2012), but whether YBX1 and YBX3 play roles in CD8" T cell
differentiation and function during viral infection has not yet been investigated. Here, we used an
shRNA-based knockdown approach to study the roles of YBX1 and YBX3 in CD8" T cell
differentiation in response to acute viral infection. We show that YBX1 and YBX3 regulate
differentiation of TE cells, circulating Tcm and Tewm cells, and small intestine Trw cells.
Functionally, we also show that YBX1 and YBX3 regulate the production of the cytokines IFN-
v, TNF-a, and IL-2 in both circulating and tissue-resident CD8* T cells. Taken together, these
data suggest that YBX1 and YBX3 play previously unappreciated roles in CD8" T cell
differentiation and function.

YBX1 and YBX3 appear to share overlapping functions, as similar effects were observed
when each was knocked down in CD8* T cells responding to acute infection. When YBX1 and
YBX3 were knocked down, we observed decreased frequency and number of CD8* TE
(KLRG1MIL-7R'") cells seven days after infection and decreased frequency of CD8* Tcm
(CD62LMIL-7R™) cells 30 days after infection. Additionally, when YBX1 and YBX3 were
knocked down, CD8* MP (KLRG1MIL-7RM) cells, and CD8* CD69* CD103"* cells found within
the small intestine were increased in frequency seven days after infection. Knockdown of YBX1
or YBX3 resulted in increased frequencies of CD8* Tem (CD62L"IL-7RM) cells and small
intestine CD8" Trwm cells 30 days post-infection. Our data showed significant increases in CD8"
T cell production of IFN-y, TNF-a, and IL-2, which suggests a role for the YBX genes role in

regulating of CD8" T cell function.
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Both YBX1 and YBXS3 are cold shock domain proteins that exert pleiotropic functions in
cells as transcriptional and translational regulators (Jady B., Ketele A., Kiss T., 2018, Kohno K.,
Izumi H., Uchiumi T., Ashizuka M., Kuwano M., 2003, Lindquist et al. 2014, Suresh P.,
Tsutusmi R., Venkatesh T., 2018). YBX1 has been shown to be an extracellular mitogen and
regulates DNA polymerase o expression controlling DNA replication and cellular proliferation
(Fyre et al., 2009, En-Nia et al., 2004, Leveonson V., Davidovich 1., Roninson I., 2000,
Ladomery M., and Sommerville J., 1995). There have been few published studies on YBX3;
cancer studies have reported that overexpression of YBX3 results in inhibited tumor growth and
reduced density of lymphatic vessels within primary tumors in vivo. Moreover, it has been shown
that YBX3 expression is down-regulated in breast cancer compared to healthy tissue (Matsumoto
G. etal., 2010, Saito Y. et al., 2008, Hu Y. et al., 2004). Our data indicated that both YBX1 and
YBX3 regulate proliferation in CD8" T cells. When expression of YBX3 is reduced, the number
of cells is increased relative to control cells; the opposite is true for YBX1, suggesting that both
YBX1 and YBX3 expression can impact cellular proliferation. Furthermore, we observed that
inhibition of YBX3 expression resulted in increased levels of IL-2 production. These
observations are in line with studies demonstrating regulation of IL-2 translation in T cells when
YBX1 mRNA expression is increased (Chen C. et al., 2000, Seko Y., Cole S., Kasprzak W.,
Shapiro B., Ragheb J., 2005) and demonstrate that YBX3 also plays an important role in
regulation of cytokine production in CD8" T cells.

In conclusion, we show that YBX1 and YBX3 are important for regulating CD8" T cell
differentiation. Reducing the expression of YBX1 and YBX3 in activated CD8" T cells during
acute infection resulted in a significant decrease in the frequencies of CD8" TE cells and CD8*

Tewm cells. Knockdown of YBX1 and YBX3 resulted in increased frequencies of circulating
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CD8" MP and Tewm cells, as well as small intestine CD8" Trwm cells. YBX1 and YBX3 both play a
role in CD8" T cell function as knockdown of YBX1 or YBX3 caused increased frequencies of
IFN-y, TNF-a, and IL-2 producing CD8" T cells. Further studies will be to investigate the

mechanisms by which YBX1 and YBX3 interact and regulate T cell differentiation and function.
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