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Chronic infection provokes alterations in inflammatory and sup-
pressive pathways that potentially affect the function and integ-
rity of multiple tissues, impacting both ongoing immune control
and restorative immune therapies. Here we demonstrate that
chronic lymphocytic choriomeningitis virus infection rapidly trig-
gers severe thymic depletion, mediated by CD8 T cell-intrinsic type
I interferon (IFN) and signal transducer and activator of transcrip-
tion 2 (Stat2) signaling. Occurring temporal to T cell exhaustion,
thymic cellularity reconstituted despite ongoing viral replication,
with a rapid secondary thymic depletion following immune resto-
ration by anti-programmed death-ligand 1 (PDL1) blockade. Ther-
apeutic hematopoietic stem cell transplant (HSCT) during chronic
infection generated new antiviral CD8 T cells, despite sustained
virus replication in the thymus, indicating an impairment in negative
selection. Consequently, low amounts of high-affinity self-reactive
T cells also escaped the thymus following HSCT during chronic in-
fection. Thus, by altering the stringency and partially impairing neg-
ative selection, the host generates new virus-specific T cells to
replenish the fight against the chronic infection, but also has the
potentially dangerous effect of enabling the escape of self-reactive
T cells.

chronic infection | type I interferon | thymus | immunotherapy | T cell
exhaustion

CD8 cytotoxic T lymphocytes (CTL) control viral infections by
directly killing infected cells, secreting proinflammatory

cytokines, and forming memory cells that protect from viral
reexposure. Although most viral infections trigger a potent CTL
response that serves to resolve infection, a number of viruses are
capable of overcoming this control and establishing a chronic
infection. In response to the prolonged viral replication and
antigen stimulation (1), the host initiates an immunosuppressive
program that actively suppresses antiviral T cell function, leading
to CTL exhaustion or physical deletion. Many mechanisms dis-
rupt immunity during chronic infections. In addition to immu-
nosuppressive factors, chronic virus infections such as HIV,
hepatitis C virus (HCV), and lymphocytic choriomeningitis virus
(LCMV) are also characterized by chronic inflammation that
promotes immune exhaustion (2). An emerging understanding is
developing that these two seemingly opposing programs are
linked and that many of the suppressive mechanisms that inhibit
the immune response are mediated as feedback responses to
proinflammatory cues (3). We recently identified that type I in-
terferons (IFN-I) lie at the nexus of these two programs, both
providing the inflammatory signals necessary to initiate robust
immunity, while reciprocally inducing negative regulatory
mechanisms that suppress ongoing immune activation (2, 4, 5).
Targeting IFN-I signaling during the chronic phase of LCMV
infection or HIV infection in humanized mice enhanced antiviral
immunity and decreased virus titers (4–7). Thus, throughout
chronic virus infections, IFN-I driven inflammation and immuno-
suppression continually modify and regulate established antiviral

immune responses, although mechanisms through which IFN-I
limit long-term T cell responses is not well understood.
The thymus is the central organ for the development and

maturation of hematopoietic stem cell (HSC)-derived T cell
generation (8). The thymus is critical during early life to produce
T cells; however, continued thymopoiesis would also be required
in chronic infections to generate new CD8 T cells to balance
attrition of exhausted cells. For example, during chronic
polyomavirus infection, exhausted CD8 T cell responses are
replenished by new virus-specific CD8 T cells emigrating from
the thymus and these newly activated cells are critical to sustain
antiviral immunity (9, 10). We recently demonstrated that in an
established chronic LCMV infection, de novo activated naïve
CD8 T cells undergo an altered memory-like molecular differenti-
ation, enabling prolonged functionality and enhanced responsive-
ness to anti-programmed death-ligand 1 (PDL1) immunotherapy
(11). Thus, the generation of new T cells to replenish and aug-
ment the existing antiviral responses has critical implications to
control chronic viral infections. As a result, emerging techniques
are being developed in HSC engineering that aim to generate
new T cells to boost the antiviral immune response and alter
T cell differentiation to control chronic infections are being
developed (12), and all rely on the development of new virus-
specific T cells in the thymus. In light of the detrimental role that
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direct IFN-I signaling can have on thymic structure and function
(13), it is critical to gain an understanding of how the capacity for
therapeutic reconstitution is impacted by an established chroni-
cally replicating viral infection.
Diverse pathogens can infect the thymus and many of these

pathogens also generate chronic infections, including HIV, LCMV,
Mycobacterium tuberculosis, and Toxoplasma gondii (14–18). In the
case of HIV, thymic depletion is evident rapidly after infection with
the largest impact being observed in younger patients in which
thymopoiesis is more active, but also in adults wherein diminished
thymic function is maintained long term (19). Suppression of HIV
with antiretroviral therapy increased thymic output (20), suggesting
that ongoing viral replication or the factors induced by chronic in-
fection potentiated its atrophy. Herein, we demonstrate that chronic
LCMV infection leads to rapid disruption of thymus structure and
severe thymocyte depletion. Trafficking of LCMV-specific CD8
T cells to the thymus, killing of infected cells, and resultant
destruction of the thymic cortex led to rapid thymocyte depletion
and thymic atrophy in chronic but not acute infection. In concert
with CD8 T cell exhaustion, thymus cellularity rebounded, al-
though overall cellularity remained depressed. The reinvigoration
of exhausted T cells by anti-PDL1 therapy induced a rapid sec-
ondary depletion within the thymus and an overall loss of thymic
cellularity. Therapeutic HSCT enabled new thymopoiesis and
allowed emergence of a small fraction of LCMV-specific T cells
that subsequently migrated into the periphery to fight infec-
tion. Interestingly, the emergence of new CD8 T cells occurred

despite viral persistence within the thymus, suggesting a break-
down in negative selection. In support of this theory, we dem-
onstrated that small populations of high-affinity, self-reactive
T cells could escape thymic selection during chronic infection.
Because the stringency of thymic negative selection is reduced
during chronic infection, the host is able to generate new virus-
specific T cells to fight the pathogen, but also acquires the po-
tentially dangerous side effect of permitting autoreactive T cells
to emerge.

Results
Chronic LCMV Infection Induces Rapid and Severe Thymic Atrophy. To
address how LCMV infection affects thymic function and T cell
generation, we infected mice with acute LCMV-Armstrong
(Arm) or chronic LCMV-Cl13 (Cl13). Infection with the
LCMV-Arm variant induces a robust T cell response that elim-
inates the infection in 8 to 12 d and leads to protective memory
(21). On the other hand, LCMV-Cl13 generates a chronic in-
fection leading to the expression of host-based regulatory factors
and cell populations that suppress antiviral immunity (2). Both
LCMV-Arm and Cl13 efficiently infect the thymus by 5 d after
infection, leading to a slight decrease in the frequency of im-
mature CD4/CD8 double positive (DP) thymocytes (Fig. 1 A–C
and SI Appendix, Fig. S1A). As acute LCMV-Arm infection re-
solved, LCMV titers became undetectable in the thymus, and the
frequency of CD4 and CD8 single positive (SP) and DP thymo-
cytes returned to those observed in uninfected mice (Fig. 1 A–C
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Fig. 1. Thymic depletion during chronic LCMV-Cl13 infection. (A) Mice were infected with LCMV-Arm or LCMV-Cl13 and euthanized in parallel with un-
infected control mice at the indicated day after infection and stained for CD4 and CD8 expression. (B) The total number of thymocytes in uninfected mice
(open circles), LCMV-Arm infected mice (black circles), or LCMV-Cl13 infected mice (red circles). (C) Bar graphs indicate thymus viral titers (plaque-forming
units; PFU) at the indicated day in LCMV-Arm (A, black) and LCMV-Cl13 (Cl, red) infected mice. Dotted line indicates the levels of detection. (D) Flow plots and
stacked bar graphs indicate the percentage of double negative thymocytes in the DN1, DN2, DN3, and DN4 stages of development in uninfected, or day 5
and day 9 after LCMV-Arm or LCMV-Cl13 infection. Cells are gated on double negative thymoctyes. Data are representative of two to four independent
experiments with three to five mice per group. Error bars indicate SD (SD). *P < 0.05.
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and SI Appendix, Fig. S1A). On the other hand, virus titers in the
thymus remained high during chronic LCMV-Cl13 infection and
promoted near complete depletion of DP thymocytes and a sig-
nificant decrease in most other thymocyte populations (Fig. 1 A–C
and SI Appendix, Fig. S1A). As the chronic infection progressed
to day 30, the frequencies of CD4/CD8 SP and DP thymocytes
returned to normal relative to naïve mice (Fig. 1A). However, the
total thymocyte number remained ∼10-fold lower than acute
LCMV infected or uninfected mice, although the number did
increase slightly from the lowest point (Fig. 1B). Thus, chronic
infection led to a rapid and severe thymic involution that
remained numerically depressed for a prolonged period.
To determine whether developmental arrest occurred before

the DP stage that affected thymic depletion and reconstitution,
we assessed the thymocyte precursor CD4/CD8 double negative
(DN) population. We observed that all DN subsets (based on
differential CD25 and CD44 expression) exhibited a large de-
crease in total cellularity following LCMV-Cl13 infection, with
the largest losses occurring from days 5 to 9 within the DN2-4
subsets (Fig. 1D). At these time points, the DN1 population
represented the majority of total DN cells (Fig. 1D). Considering
that DP thymocytes require several weeks to transition to this
stage (22), their rapid depletion within 3 d (i.e., from day 5 to 8
after LCMV-Cl13 infection) suggests that a loss of DN thymocytes

does not underlie the depletion of the DP population. DN de-
pletion may instead complicate subsequent T cell reconstitution as
the infection progresses. Collectively, these data demonstrate that
chronic LCMV infection diminishes thymopoiesis at multiple
stages, leading to global and sustained thymic atrophy.

LCMV Targets Medullary Dendritic Cells within the Thymus. To better
understand the spatial distribution of LCMV within the thymus
and gain insights into mechanisms that potentiate rapid thymo-
cyte depletion, we performed immunofluorescence microscopy.
Within the thymus, LCMV-Cl13 infection was predominantly lo-
cated in the medullary region, which was identified by cytokeratin
5 (CK5) staining (Fig. 2A). At day 5, virus antigen was almost
entirely restricted to the medullary region and then expanded in
distribution by day 9, coinciding with destruction of thymic
structure and thymocyte depletion (Fig. 2A and SI Appendix, Fig.
S1B). Thymocytes themselves were only minimally targeted fol-
lowing LCMV-Cl13 infection (SI Appendix, Fig. S1C). Interest-
ingly, a higher proportion of CD45+ versus CD45- cells (i.e.,
stromal cells) expressed viral antigen, with CD11c+ major his-
tocompatibility complex (MHC) II+ dendritic cells (DC) com-
prising the majority of LCMV-antigen expressing CD45+ cells
(Fig. 2B). This high representation of DC among LCMV-
antigen-expressing leukocytes was not because the thymus con-
tains a proportionally high number of DC. In fact, CD11c+MHC II+
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DC were only minimally represented among uninfected CD45+
cells or infected CD45- cells in the thymus (Fig. 2B). In addi-
tion, DC comprised a relatively small proportion of the thymus
even when thymocytes were excluded (Fig. 2C). Within the
thymic DC population, a high percentage expressed LCMV
nucleoprotein (Fig. 2C), suggesting that DC are the primary
reservoir of virus within the thymus following chronic LCMV
infection.

The Functional State of Virus-Specific CD8+ T Cells Dictates Thymic
Depletion vs Reconstitution. The rapid and near complete loss of
DP thymocytes during chronic LCMV infection led us to next
consider an indirect mechanism of deletion. Specific deletion of
virus-specific thymocytes via negative selection seemed unlikely
given that the majority of thymocytes are not LCMV specific. DP
thymocytes are particularly sensitive to glucocorticoid-mediated
cell death in other models of infection (23). Glucocorticoids are
activated in virus infections and can lead to rapid depletion of
DP thymocytes (24). We investigated the role of glucocorticoids
in LCMV-induced thymic depletion by using adrenalectomized
mice. These mice do not survive beyond day 6 after LCMV-Cl13
infection, but at this time point, thymocyte depletion was evident, and
no difference between adrenalectomized and mock-adrenalectomized
mice was observed (SI Appendix, Fig. S2A). These data support in-
volvement of a different mechanism underlying thymic destruction in
chronic infection.
Peripheral effector CD8+ T cells are capable of homing to the

thymus to combat mycobacterial infection (25), and considering
the high level of LCMV infection within the thymus, we surmised

that CD8 T cells may target this reservoir of infected cells. To
monitor virus-specific CD8 T cell trafficking to the infected
thymus, we adoptively transferred naïve LCMV-specific T cell
receptor transgenic CD8 P14 T cells (26) (i.e., mature T cells
that will otherwise not be present in the recipient) into mice
prior to infection. During both acute and chronic infections,
virus-specific P14 cells rapidly migrated into the thymus (Fig.
3A). We next determined whether CD8+ T cells mediate thymic
depletion by depleting peripheral CD8 T cells prior to infection.
Consistent with the reported tissue distribution of depleting
antibodies (27), CD8 T cells were depleted from the blood and
peripheral lymphoid organs, but not from the thymus, as indi-
cated by the similar profile and amount of thymocytes in unin-
fected mice treated with isotype vs. anti-CD8 antibody (Fig. 3B).
The elimination of peripheral CD8+ T cells prior to LCMV-Cl13
infection almost entirely prevented thymocyte depletion (Fig.
3B), whereas CD4 T cell or natural killer (NK) cell depletion did
not (SI Appendix, Fig. S2C). The inability to mediate thymic
depletion in the CD8-depleted mice was not due to changes in
virus titers within the thymus, which were similar or even slightly
increased when CD8 T cells were depleted (SI Appendix, Fig. S2B).
To further delineate whether thymic depletion was mediated by
virus-specific or bystander CD8+ T cells, we infected mice
bearing a transgenic T cell receptor (TCR) recognizing ovalbu-
min (i.e., OT-1 mice) (28). These mice have CD8 T cells, but do
not mount an LCMV-specific CD8 T cell response (29). Similar
to CD8 T cell-depleted mice, thymic depletion did not occur in
the OT-1 mice following LCMV-Cl13 infection (Fig. 3C), indicating
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that virus-specific (not bystander) CD8 T cells mediate thymic
depletion during chronic LCMV infection.
We next probed what allowed for reconstitution of thymic

populations as chronic infection progressed. Similar to other
peripheral tissues, virus-specific CD8+ T cells infiltrating the
thymus were functionally exhausted by day 9 after chronic in-
fection, losing the ability to secrete interferon gamma (IFNγ)
and tumor necrosis factor alpha (TNFα) (Fig. 3A). Interestingly,
reconstitution of DP thymocytes coincided with CD8 T cell ex-
haustion within the thymus, suggesting that attenuation of T cell
function during chronic infection might enable thymic reconsti-
tution. To determine the effect of exhaustion on thymic recon-
stitution and test whether the functionally restored CD8 T cells
could deplete the thymus, we treated chronically infected mice
with anti-PDL1 blocking antibodies at 25, 28, and 31 d after
infection and then the thymus was isolated 2 d after the last
treatment. Whereas isotype treatment did not affect thymocyte
populations, anti-PDL1 immunotherapy drove rapid depletion of
DP thymocytes and loss of cellularity (Fig. 3D). Importantly,
thymocyte depletion was not observed in naïve mice, mice that
had been previously acutely infected with LCMV-Armstrong, or
in OT-1 mice infected with LCMV-Cl13 (SI Appendix, Fig. S4).
Thus, virus-specific T cell exhaustion enables thymic reconsti-
tution despite viral persistence and the use of immunotherapy
during states of thymic infection can reinduce thymus pathology
and destruction.

CD8 T Cell Intrinsic IFNR Signaling Is Required for Thymic Homing and
Destruction. We next sought to uncover the mechanisms under-
lying CD8 T cell-mediated thymic destruction. IFN-I is an im-
munomodulatory cytokine produced during numerous bacterial
and viral infections that can directly alter thymic stromal cells,
thymocyte development, as well as modulate CD8 T cell func-
tions (13). Strikingly, thymocyte depletion following LCMV-Cl13
infection was largely averted in type I IFN receptor knockout
(IFNR−/−) mice, or in mice treated with anti-IFNR blocking
antibodies, compared to wild-type (WT) mice (Fig. 4A and SI
Appendix, Fig. S3A). Furthermore, whereas total thymic cellu-
larity remained depressed as chronic infection progressed in WT
mice, thymocyte numbers returned to preinfection levels by day
30 after infection in IFNR−/− mice (Fig. 4A). Restoration was
not observed in IFNγ receptor knockout (IFNγR−/−) or TNFα
receptor 1 knockout (TNFR1−/−) mice (SI Appendix, Fig. S2D).
In addition, removal of IFNR signaling from thymic stromal cells
using FoxN1-cre x IFNR fl/fl mice also did not prevent thymo-
cyte depletion during chronic infection (SI Appendix, Fig. S2E).
Collectively, these data demonstrate that thymocyte depletion is
IFN-I dependent, but does not rely on signaling in thymic
stromal cells.
We next investigated the pathways mediating IFN-I induced

thymic depletion. Interferon alpha (IFNα) and interferon beta
(IFNβ) bind to the IFNR to activate signal transducer and ac-
tivator of transcription 1 and 2 (Stat1 and Stat2, respectively)
homodimers and heterodimers that induce IFN stimulated gene
(ISG) expression in a circuit amplified by interferon regulatory
factor 7 (IRF7) activation (3). IFNβ is associated with enhancing
immunosuppression in chronic LCMV infection (30, 31); how-
ever, IFNβ deficiency did not affect thymic depletion (Fig. 4B),
indicating that IFNα alone is sufficient to induce T cell targeting
of the thymus. Similarly, Stat1 deficiency did not prevent the loss
of DP thymocytes or thymic destruction (Fig. 4B). On the other
hand, thymic depletion was almost entirely prevented in
IRF7−/− and Stat2−/− mice (Fig. 4B). Importantly, the naïve
IFNβ−/−, IRF7−/−, Stat1−/−, Stat2−/−, and WT mice all had sim-
ilar thymocyte subset distributions and numbers (SI Appendix,
Fig. S3B), and the frequency and number of LCMV-specific CD8
T cells was unchanged or increased in the knockout mice following
LCMV-Cl13 infection (SI Appendix, Fig. S3C). These data

indicate that preservation of thymocytes in IRF7 and Stat2-
deficient mice is not due to an initial difference in thymus num-
bers or the failure to generate CD8 T cell responses. Thus, thymic
destruction by CD8 T cells is driven by IFN-I, Stat2, and IRF7, but
not Stat1.
IFN-I can signal through multiple cell types, all of which could

ultimately impact the antiviral CD8 T cell response. To deter-
mine whether the requirement for IFNR, IRF7, and Stat2 sig-
naling was CD8 T cell intrinsic, we isolated naïve CD8 T cells
from WT, IFNR−/−, IRF7−/−, or Stat2−/− mice and transferred
them into OT-1 mice, which due to the lack of virus-specific CD8
T cells, do not themselves exhibit thymic depletion following
chronic infection (Fig. 3A). Overall thymic cellularity was slightly
(albeit significantly) decreased in all LCMV-Cl13 infected groups
compared to uninfected OT-1 mice, even without CD8 T cell
transfer (Fig. 5 A and B). However, compared to LCMV-Cl13
infected OT-1 mice that received no CD8 T cells, WT CD8
T cells efficiently migrated to the thymus, depleted DP thymocytes
and decreased overall thymic cellularity when transferred into OT-
1 mice (Fig. 5 A–C), further confirming the specific role of CD8
T cells. On the other hand, thymic homing and depletion did not
occur in LCMV-Cl13 infected OT-1 mice that received
IFNR−/− CD8 T cells (Fig. 5 A–C), demonstrating direct IFN-I
signaling on CD8 T cells is required for thymic depletion.
Transfer of Stat2−/− CD8 T cells gave a more complex profile
with DP depletion and thymic cellularity falling between no
transfer and WT CD8 T cell transfer (Fig. 5 A–C), suggesting
both CD8 T cell intrinsic and extrinsic Stat2 requirements.
IRF7−/− CD8 T cells effectively mediated thymic destruction the
same as WT CD8 T cells (Fig. 5 A–C), indicating an indirect
effect of IRF7 to drive CD8 T cell function, likely through am-
plification of IFN-I production by innate immune cells. Inter-
estingly, the amount of thymic depletion was tightly correlated to
CD8 T cell infiltration into the thymus (Fig. 5D). Thus, direct
IFNR-mediated Stat2 signaling on CD8 T cells in combination
with IRF7 signaling by peripheral cells is required for peripheral
thymic homing and depletion during chronic infection.

HSC Transplantation Generates New Virus-Specific CD8+ T Cells and
Autoreactive T Cells in Chronic Infection. Although thymopoiesis
functionally reconstitutes with the induction of T cell exhaustion,
the structural and cellular alterations (particularly within the
medullary region, which mediates negative selection (32)) may
have long-standing consequences on thymic selection and the
ability to generate new virus-specific CD8 T cells. A previous
study demonstrated that well after chronic LCMV is cleared
from most peripheral tissues (including the thymus), newly
generated LCMV-specific CD8 T cells can emerge (9). Yet,
ongoing viral replication within the thymus should negatively
select newly virus-specific CD8 T cells (26). To specifically probe
de novo LCMV-specific T cell development during sustained
chronic LCMV infection, we generated partial bone marrow
chimera mice using the chemotherapeutic agent busulfan (9).
Busulfan partially ablates the bone marrow HSC niche without
depleting the peripheral immune compartment, allowing for
engraftment of donor stem cells without the disruption of the
ongoing immune response or a change in virus control SI Ap-
pendix, Fig. S5A). Mice were CD4 depleted prior to LCMV-Cl13
infection to generate a life-long viremic infection. Busulfan was
administered 30 d after infection and donor HSC provided 1 d
later. Donor HSCs introduced into mice efficiently repopulated the
peripheral T cell compartment at approximately the same rate and
to the same level in uninfected and in chronically infected mice (Fig.
6A), highlighting the functional restoration of thymopoiesis during
the established chronic LCMV infection. Donor HSC-derived
B cells, which do not require the thymus for development, also
repopulated the periphery at a similar, albeit slightly reduced
level in LCMV chronically infected mice relative to naïve mice
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(Fig. 6A). Surprisingly, despite ongoing viral replication within
the thymus, a small percentage of donor (CD45.1+) HSC-
derived LCMV-specific CD8 T cells emerged against multiple
LCMV-epitopes during chronic infection (Fig. 6B and SI Appen-
dix, Fig. S5B), indicating the ability to generate new virus-specific
CD8 T cells to replenish the ongoing T cell response, but also
suggesting that negative selection is incomplete.
To test whether the diminished efficacy of negative selection

was restricted to the generation of virus-specific cells or was a
generalized response, we determined whether high-affinity
autoreactive T cells could also escape negative selection during
chronic infection. Naïve, chronic LCMV-Cl13 infected wild-type
mice, or chronic LCMV-Cl13 infected Ova-transgenic (tg) mice
that expressed ovalbumin on all cells, were treated with busulfan
and given a mix of 80% CD45.2+ HSC from WT mice plus 20%
CD45.1+ HSC from OT-1 mice. In this system, OT-1 cells are
deleted by negative selection in the thymus of naïve Ova-tg mice,

but not in non-Ova expressing WT mice. As expected, donor-
derived OT-1 cells emerged in naïve or chronically infected WT
mice and were deleted from naïve OVA-tg mice (Fig. 6C). A
slight population of CD45.1+ donor-derived CD8 T cells were
present in the naïve Ova-tg mice, but these cells did not express
the OT-1 TCR either on the surface or intracellularly (Fig. 6C)
and likely arose from rearrangement of endogenous (nontg)
TCRs. Interestingly, a small population of OT-1 TCR cells were
evident in the spleens in ∼40% (3/7 mice) of the chronically
infected Ova-tg mice (Fig. 6C and SI Appendix, Fig. S5C), with the
frequency of OT-1 in these mice ranging from 15 to 75% of trans-
ferred CD45.1+ cells. Thus, changes in negative selection stringency
have benefits for the continued fight against the persisting pathogen
by generating new virus-specific T cells, but the partial impairment
can also have the undesired effect of allowing escape of autoreactive
T cells.
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Discussion
The development of T cell-based therapies to supplement or re-
vitalize a dysfunctional antiviral immune response could revolutionize
therapies to treat chronic viral infections. As a result, immune re-
constitution strategies based on HSC transplantation producing an-
tiviral chimeric antigen receptors or TCRs are moving forward (33).
It is therefore critical to understand the short- and long-term con-
sequences of chronic viral infection on the thymus and the ability to
generate new T cells. Here, we demonstrate that a chronic viral in-
fection can rapidly target thymic medullary resident DCs, inducing
massive thymic destruction and cellular depletion, leaving this lym-
phoid organ stunted in the DN1 stage of development and markedly
reduced in thymocytes. As infection progressed and T cell exhaustion
was instituted, thymic function rebounded, allowing for broad resto-
ration of thymocyte subsets and the ability to produce new naïve
T cells that augmented the peripheral pool. In addition, the

established chronic infection did not prevent hematopoietic
reconstitution by HSCs, and transplantation of naïve cells led
to broad spectrum hematopoietic reconstitution of B cells,
myeloid cells, and, importantly, T cells. Thus, despite the near
complete thymic destruction at the initial stage of chronic viral
infection, the thymus is able to regenerate and produce new
T cells, despite sustained thymic infection and high systemic
levels of inflammation.
Unlike previous mechanisms shown to mediate thymic atrophy

during viral infections [e.g., IFN-I-mediated death of thymic
stromal cells or glucocorticoid induced depletion of DP thymo-
cytes (8)], we identify a mechanism wherein depletion results
from recruitment of and killing by virus-specific CD8 T cells in
the thymus. Interestingly, IFN-I production was required for
thymic depletion during chronic LCMV infection; however, the
effect required IFNR signaling on CD8 T cells rather than thy-
mic stromal cells. This signaling likely enabled the cytotoxic
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potential of antiviral CD8 T cells by facilitating their survival and
promoting their effector differentiation from the transcription
factor T cell factor 1 (TCF1) memory-like population (3, 34, 35).
Consistent with this mechanism, mice deficient in CD4 T cells,
NK cells, or bearing an irrelevant TCR on their CD8 T cells, all
maintain thymic function in the context of high viral replication
and associated IFN-I levels. The IFN-I-mediated stimulation of
virus-specific CD8 T cells was Stat2 dependent, but Stat1 inde-
pendent, indicating that Stat2 homodimers or Stat2 hetero-
dimers with other Stat molecules are directly required by the
CD8 T cells to mediate thymic pathology. The absence of a role
for Stat1 was also consistent with the thymic depletion observed
in IFNγ-deficient mice. Interestingly, Stat2 appears to mediate
both CD8 T cell intrinsic and extrinsic effects of IFN-I during
thymic depletion. Moreover, multiple levels of IFN-I amplifica-
tion were required to license the CD8 T cells, as IRF7-deficient
mice (but not CD8 T cells) had reduced thymic destruction. This
IRF7 dependency was probably mediated through activation of

the innate immune response and indicates how multiple check-
points are integrated to regulate the licensing and cellular acti-
vation of the CTL response for peripheral homing and killing.
Although the role of IFN-I is well established for maximal

virus-specific T cell expansion, survival, and cytolytic effector
function, the complex molecular pathways and ISGs that pro-
mote these effects are diverse and are yet to be fully character-
ized (3). IFN-Is directly drive factors required for effector
differentiation through STAT signaling, such as CD25, Tbet,
GranzymeB and IFNγ (35–39). At the onset of chronic viral
infection, this results in the promotion of shorter lived
GranzymeB+ effector CD8 T cell differentiation at the expense
of more long-lived TCF1+memory-like cells (35). However, they
also trigger the expression of ISGs that play key roles in cellular
differentiation, survival, and proliferation. IFN regulatory factors
(IRFs) are a family of transcription factors that can be up-regulated
by IFN-I signaling, guiding short-term responses to proinflammatory
signals (IRFs 3, 5, 7, and 9) and cell fate decisions (IRF1, IRF4, and
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Fig. 6. HSC-mediated generation of new LCMV-specific CD8 T cells is accompanied by escape of self-reactive T cells. All mice were CD4 depleted and then
either left uninfected or infected with LCMV-Cl13 (generating a life-long viremic infection). All mice then received busulfan and transplant of CD45.1+ HSCs
on day 30 after LCMV-Cl13 infection (or after 30 d in the case of the uninfected mice). (A) Donor (CD45.1+) lymphocytes in the peripheral blood of uninfected
mice (white circles) or chronically infected mice (black circles) on the indicated day after HSC transplant. (B, Left) Flow plots show the frequency of recipient
(CD45.2) and donor (CD45.1) CD8 T cells in the spleen 12 wk after the busulfan treatment and CD45.1+ HSC transplant. In this experiment, some mice received
busulfan but not HSC transplant. Flow plots on the right show the frequency of LCMV-GP276–286 and LCMV-GP33–41 tetramer staining CD8+ T cells (gated on
recipient or donor CD8 T cells). Note, “cells” in the CD45.1 gate in the No HSC transfer group represent background staining from the antibody and serve as a
control for the lack of background tetramer staining. (C) Naïve or LCMV- Cl13 infected WT and Ova-transgenic (tg) mice were treated with busulfan and
received transplant of 80% WT (CD45.2+) HSC plus 20% OT-1 (CD45.1) HSC. Both naïve mice and mice that were subsequently infected with LCMV-Cl13 were
CD4 depleted in parallel at the start of the experiment. (Top) Flow plots show the frequency of OT-1 HSC-derived CD45.1+ cells in the spleen. (Bottom) Flow
plots show TCR Vα2 and Vβ5 staining of the CD45.1+ (OT-1 HSC) donor cells in the spleen. Data are representative of two independent experiments with three
to five mice per group. Error bars indicate SD. *P < 0.05.
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IRF8) (38). Additionally, the antiviral ISG, IFITM3 which limits
virus entry into host cells, has also been shown to promote the
survival of memory CD8 T cells during influenza (40). Further,
preferential activation of STAT4 signaling in effectors downstream
of IFN-Is promotes effector T cell expansion (41). Thus, rather than
a single ISG being responsible for dictating CD8 T cell fate, it is
likely that the concerted action of multiple signaling pathways and
resultant ISGs act to shape CD8 T cell responses.
Previous work has demonstrated that ongoing thymopoiesis is

not necessary to control chronic LCMV infection (42). Our study
expands on these findings by demonstrating that chronic infec-
tion induces a state of initial functional thymic atrophy, and
restoration of thymus function is associated with the virus-specific
T cell exhaustion. This is supported by our finding that the initial arrest
in T-lymphopoiesis within the thymus is mediated by virus-specific
CD8 T cells. As CD8 T cells primed at the onset of infection be-
come functionally exhausted, thymic function and T-lymphopoiesis is
restored, demonstrating an additional role for how T cell exhaustion
allows normal immune processes to resume during a chronic infection.
Thymic recovery as chronic infection progresses is exemplified by our
observation that HSCs introduced during chronic infection can seed
the bone marrow, reconstitute the thymus, and generate lymphocyte
lineages similar to uninfected mice. Interestingly, despite the ongoing
chronic virus replication within the thymus, new LCMV-specific
T cells were generated, suggesting modification of the stringency of
negative selection following the initial thymic destruction. During this
new thymic state, high-affinity autoimmune cells that were effectively
deleted from naïve animals, were now able to escape negative selec-
tion in a subset of mice. The self-reactive T cells were generated at a
low frequency but are likely also affected by subsequent peripheral
tolerance mechanisms that lead to their functional attenuation or
deletion. This could also explain why the virus-specific CD8 T cells
were seen in all of the mice tested, whereas self-reactive T cells only
emerged in ∼40% of mice, since the virus-specific CD8 T cells that
emerged would be activated and amplified as opposed to deleted (11).
Thus, by altering the stringency of negative selection, the host gener-
ates new virus-specific T cells to replenish the fight against the chronic
infection, but also has the potentially dangerous side effect of allowing
self-reactive T cells to emerge. Since many chronic pathogens can
infect the thymus and alter new T cell development, our study has
important implications for the design of restorative and immuno-
therapeutic strategies to rebuild T cell responses and fight chronic
infections.

Materials and Methods
Mice and Virus. C57BL/6 (WT) mice were purchased from The Jackson Labo-
ratory or the rodent breeding colony at the Princess Margaret Cancer Center.
LCMV-GP33–specific CD8 TCR transgenic (P14) mice were bred in-house and
have been described previously (43). OT-1 mice (Stock#003831), Ova-transgenic
mice (Act-mOVA; Stock#005145), Stat1−/− mice (Stock#012606), and Stat2−/−

mice (Stock# 023309) were purchased from Jackson Laboratory and bred in-
house. IFNγR−/− mice (Stock#003288), TNFR1 (p55)−/− mice (Stock#002818), ad-
renalectomized mice, and sham adrenalectomized mice were purchased from
Jackson Laboratory. IRF7−/− mice were provided by the RIKEN BioResource
Center. Ifnr−/− (IFNR−/−) mice were provided by D.B.M., National Institute of
Neurological Disorders and Stroke/NIH and bred in-house. IFNβ−/− mice were
provided by Eleanor Fish, University of Toronto and bred in-house. All mice
were housed under specific pathogen-free conditions. Mouse handling con-
formed to the experimental protocols approved by the University of California,
Los Angeles Animal Research Committee (ARC) and the OCI Animal Care
Committee at the Princess Margaret Cancer Center/University Health Network.
In all experiments, the mice were infected intravenously (i.v.) via the retro-
orbital sinus with 2 × 106 plaque-forming units (PFU) of LCMV-Armstrong or
LCMV-Clone 13. Virus stocks were prepared and viral titers were quantified as
described previously (43).
Tissue isolation, flow cytometry, and intracellular cytokine stimulation. Single cell
suspensions were prepared from organs and were stained ex vivo using
antibodies to CD4 (GK1.5), CD8 (53-6.7), Thy1.1 (H1S51), CD45 (30-F11),
CD45.1 (A20), CD45.2 (104), MCH II (M5/114.15.2), CD44 (IM7), CD25 (PC61),
PD1 (29F.1A12), CD11c (3.9), CD11b (M1/70), and LCMV (VL4). All were from

Biolegend with the exception of Thy1.1 (eBiosciences) and VL4 (BioXcell).
For cytokine quantification, splenocytes were restimulated for 5 h at 37 °C
with 2 μg/mL of MHC class I-restricted LCMV peptide GP33–40 in the pres-
ence of 50 U/mL recombinant murine interleukin-2 and 1 mg/mL brefeldin
A (Sigma). Following the 5 h in vitro restimulation, cells were stained with
a fixable viability stain, zombie aqua (Biolegend), extracellularly stained
as above with CD8, Thy1.1, and fixed, permeabilized (Biolegend cyto-
kine staining kit), and stained with IFNγ (XMG1.2) and TNFα (MP6-XT22)
(Biolegend). H-2Db

–restricted LCMV-GP33–41 tetramer and GP276–286 tetra-
mer were obtained from the NIH Tetramer core. Samples were run on a
FACSVerse flow cytometer (BD Biosciences) and data analyzed using Flow
Jo software (Treestar).
Fluorescence microscopy. Whole thymuses were harvested and fixed in 4%
paraformaldehyde (Electron Microscopy Sciences) in phosphate-buffered
saline (PBS) overnight at 4 °C prior to incubation with 10% sucrose in PBS
gradually increasing the concentration to 30% sucrose over a period of 2 d.
Subsequently, the organs were immersed in optimal cutting temperature
(OCT) compound (Thermo Fisher Scientific) and snap frozen in liquid nitro-
gen. Samples were sectioned in the Sunnybrook Research Institute Histology
Core Facility using Cryostat Leica CM3050-S. Sections were then either used
for treated for hemotoxylin and eosin (H&E) staining or for immunofluo-
rescent microscopy. For immunofluorescence, sections were stained with
rabbit anti-cytokeratin 5 (BioLegend), rat anti-LCMV nucleoprotein (Clone
VL-4, BioXcell), and mouse anti-cytokeratin 18 (Clone LDK-18, Thermo Fisher
Scientific). Secondary antibodies used were anti-rabbit Cy5, anti-rat Rhod
Red X, and anti-mouse FITC (Jackson ImmunoResearch Laboratories). Images
were taken with a Nikon A1 confocal microscope.

Isolation and Adoptive Transfer of T Cells. CD8 T cells were isolated from the
spleens of naïve LCMV-specific P14 transgenic mice by negative selection
(StemCell Technologies). One thousand P14 cells were injected into naïve
mice prior to viral infection. WT, IFNR−/−, Stat2−/−, or IRF7−/− CD8 T cells
were obtained from the spleens of their respective naïve knockout mice by
negative selection. Two million of each population were then transferred
into naïve OT-1 mice. All cell transfers were performed i.v. in the
retroorbital sinus.

Busulfan and Bone Marrow Transfer. C57BL/6 Ly5.2+ recipient mice were
treated i.v. with 500 μg anti-CD4 antibody (clone GK1.5; BioXCell) 4 d before
infection with 2 × 106 PFU LCMV-Cl13. CD4 T cell depletion results in life-
long chronic viremic infection. Thirty days after infection, mice were treated
intraperitoneally with 30 mg/kg Busulfan (Sigma Aldrich). Bone marrow was
harvested from C57BL/6 Ly5.1+ donor mice and depleted of lineage positive
cells by negative selection on the autoMACS (Miltenyi Biotec). Lineage-
negative cells (4.5 × 105) were transferred i.v. into recipient mice 24 h af-
ter Busulfan treatment. Mice were given 9 to 12 wk to generate immune
cells from donor HSC, upon which mice were euthanized and analyzed. The
same strategy was used for the Ova-tg experiments, except that an 80:20 mix
of CD45.2+ WT HSC: CD45.1+ OT-1 HSC was used for reconstitution.

In Vivo Antibody Depletion and Blockade. To deplete CD8 T cells, CD4 T cells, or
NK cells, mice were treated 1 d prior to infection with 250 μg anti-CD4
(GK1.5), anti-CD8 (2.43), or anti-NK1.1 (PK136) antibody, respectively. To
block IFN-I signaling in vivo during chronic infection, mice were treated i.v.
with 500 μg anti-IFNR1 blocking antibody (clone MAR1-5A3; Leinco Tech-
nologies) or isotype control antibody 1 d before infection and then every 2 d
thereafter through day 7, as described previously (44). For PDL1 blockade,
mice were administered 250 μg of anti-PD-L1 (10F.9G2; BioXcell) or isotype
controls at days 25, 28, and 31 of infection and then the thymus was isolated
2 d after the last treatment.

Statistical Analysis. Student’s t tests (two-tailed, unpaired), Mann–Whitney
nonparametric tests (two-tailed, unpaired), or one-way ANOVA were per-
formed using GraphPad Prism 5 software (GraphPad Software, Inc.). In all
figures, error bars indicate SD.

Data Availability. Data, associated protocols, and materials in the paper will
be made available to readers upon request to the corresponding author.
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