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Abstract 

 

Thymic atrophy, due to the depletion of CD4
+
CD8

+
 thymocytes, is observed during 

infections with numerous pathogens. Several mechanisms, such as glucocorticoids and 

inflammatory cytokines are known to be involved in this process; however, the roles of 

intracellular signaling molecules have not been investigated. In this study, the functional role 

of c-Jun N-terminal kinase (JNK) during infection-induced thymic atrophy was addressed. 

The levels of phosphorylated JNK in immature CD4
+
CD8

+ 
thymocytes from C57BL/6 

(Nramp-deficient) and 129/SvJ (Nramp-sufficient) mice were increased upon oral infection of 

mice with Salmonella enterica serovar Typhimurium (S. typhimurium). Furthermore, 

inhibition of JNK signaling, but not ERK or p38 MAPK, prevented the in vitro death of 

infected thymocytes. Importantly, the in vivo inhibition of JNK signaling with SP600125 

protected C57BL/6 CD4
+
CD8

+ 
thymocytes from depletion via multiple mechanisms: lower 

intracellular ROS, inflammatory cytokines, Bax and caspase 3 activity, increase in Bcl-xL 

amounts and prevention of the loss in mitochondrial membrane potential. Notably, thymic 

architecture was preserved in infected mice treated with SP600125. Overall, this study 

identifies a novel role for JNK as a crucial regulator of the death of CD4
+
CD8

+ 
thymocytes 

during S. typhimurium infection. 
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Introduction 

 

The thymus plays a central role in the development of cell-mediated immunity and thymic 

atrophy resulting in loss of cellularity occurs during aging, stress and infections. Acute 

thymic atrophy is observed upon infection with viruses, bacteria, fungi, protists, etc [1]; 

however, the reasons and consequences of thymic atrophy are not well understood. Pathogens 

may elicit this response to reduce the cellular immune response; alternately, it may be a part 

of the host response to conserve energy and reduce the generation of T cells tolerant to the 

invading pathogen [2]. Indeed, T cells generated in thymi infected with Mycobacterium 

avium are tolerant to pathogen-specific antigens [3]. Infection with intracellular bacterial 

pathogens that multiply within host macrophages, such as Francisella tularensis, Listeria 

monocytogenes, and Mycobacterium tuberculosis leads to thymic atrophy [4-6]. Recent 

studies have shown that infection with attenuated [7] or virulent [8] Gram negative 

intracellular bacterium, Salmonella enterica serovar Typhimurium (S. typhimurium) also 

leads to thymic atrophy. S. typhimurium can breach the intestinal epithelial barrier in mice 

causing a systemic disease resembling typhoid caused by S. typhi in humans. Importantly, 

non-invasive Salmonella are known to establish an intracellular systemic disease in HIV-

infected and immune-compromised individuals with a high degree of mortality and drug 

resistance [9,10]. Therefore, studies on all aspects of Salmonella pathogenesis are extremely 

important. 

 

During infections, the thymus contracts and expands after clearance of the pathogen [11-12]. 

However, the consequences of thymic atrophy become more relevant during the development 

of peripheral lymphopenia due to infections (e.g. HIV) or chemotherapy. In fact, low thymic 

output is a major cause for failure of reconstitution of CD4
+
 T-cell numbers in AIDS patients 
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undergoing anti-retroviral treatment [13-19]. Furthermore, the integrity of the adult thymus is 

required for other immune functions, e.g. affinity maturation of antibodies [20]. Therefore, it 

is important to understand the molecular and cellular processes involved during thymic 

atrophy as it may lead to the development of therapeutic targets. Several immune players are 

important during infection-induced thymic atrophy: glucocorticoids [5,6,8,21], inflammatory 

cytokines [5,6,8,21,22], reactive oxygen species (ROS) [23], activation of caspases [24], etc. 

Two recent studies have shown the cooperative roles of interferon gamma (IFN-  and 

glucocorticoids in mediating thymic atrophy during infection with virulent Mycobacterium 

avium [6] and S. typhimurium [8]. Despite numerous studies on the mechanisms involved 

during thymic atrophy, there is little information on the roles of intracellular signaling 

molecules involved in this process.  

 

Mitogen activated protein kinases (MAPKs) are serine/threonine specific protein kinases with 

extracellular signal-regulated kinase (ERK), p38MAPK and c-Jun N-terminal kinase (JNK) 

being implicated in cell survival, stress responses [25,26]. MAPK pathways influence 

thymocyte development [27] and fetal thymic organ cultures show impaired negative, but not 

positive, selection with the inhibition of p38MAPK [28]. JNK activation leads to the 

downstream phosphorylation of c-Jun, which is important for the in vivo and in vitro 

depletion of CD4
+
CD8

+
 thymocytes via anti-CD3 [29,30]. The JNK1 signaling pathway plays 

a key role in T-cell responses [31] and thymocytes from Jnk2
-/- 

mice are resistant to anti-CD3 

mediated apoptosis [32]. In addition, thymocytes expressing the dominant negative JNK 

transgene are unable to undergo appropriate negative selection [33]. Although, JNK and other 

MAPKs are important in thymocyte death during development, there are no reports of their 

involvement during infection induced thymic atrophy. 
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The stress responsive kinase, JNK, is induced during several infections [34-37]. Upon 

infection of macrophages with S. typhimurium, JNK is upregulated via signal transduction 

pathways involving Herbimycin-sensitive tyrosine kinases, phosphoinositide 3-kinase and 

protein kinase zeta [37]. However, the functional roles of JNK during S. typhimurium 

infection are not known. Therefore, studies were performed to investigate the functional 

involvement of MAPKs during oral infection of mice with S. typhimurium leading to thymic 

atrophy [8]. Here we identify novel roles for JNK in the death of CD4
+
CD8

+
 thymocytes 

during S. typhimurium infection.  

 

Results 

 

JNK activation occurs primarily in immature
 
thymocytes upon infection 

To investigate the roles of signaling events during thymic atrophy, the total intracellular and 

phosphorylated amounts of JNK and p38MAPK were assessed in thymocytes 4 days after 

oral infection of C57BL/6 mice with S. typhimurium. Although total and phosphorylated 

p38MAPK were unaffected, intracellular JNK amounts were upregulated ~1.2 fold while 

pJNK amounts were upregulated ~2 fold in the total thymocyte population upon infection 

(Figure 1A-C). Upon gating of thymocyte subsets (Figure 1D), induction of pJNK was 

observed upon infection in CD4
-
CD8

-
 and CD4

+
CD8

+
 subsets (Figure 1E). Importantly, the 

increase in pJNK amounts was specific since it was absent in thymocytes from mice treated 

with SP600125 (Figure 1C, Figure 1E).  

 

Ifnγ
-/-

 mice treated with a single dose of 25 mg/kg of RU486, a glucocorticoid receptor 

antagonist, injected i.p. 12-16 h after oral infection are significantly protected from thymic 

atrophy upon S. typhimurium infection (Figure 1F). Also, compared with levels in infected 
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C57BL/6 mice, the pJNK amounts in the thymocytes from Ifnγ
-/-

 mice were lower upon 

infection and RU486 treatment restored the elevated pJNK amounts to those of uninfected 

mice (Figure 1G). These data indicate that the infection induced glucocorticoid and IFN-γ-

mediated pathways possibly lead to the downstream activation of JNK in thymocytes.  

 

S. typhimurium infection-induced thymic atrophy also occurs in Nramp-sufficient mice 

C57BL/6 mice harbor a defective Nramp allele (Nramp-deficient), are highly susceptible to S. 

typhimurium infection with high CFU burden, display increased inflammatory cytokines, 

cortisol and extensive thymic atrophy [8]. However, the bacterial burden in humans, with the 

major population harboring a functional NRAMP
 
allele, is much less [38]. To understand 

whether thymic atrophy and pJNK induction in thymocytes occur in Nramp-sufficient mice, 

129/SvJ mice were infected with S. typhimurium orally. Consistent with a previous study 

[39], lower CFUs were recovered from 129/SvJ mice on days 5 and 15 post infection 

(Supporting Information Figure 1A, 1B). Although serum cortisol amounts remained 

unchanged, serum amounts of TNF-α, IFN-γ, IL-6 and IL-1β increased upon infection 

(Supporting Information Figure 1E, 1F, 1G, 1H) but were significantly reduced compared to 

those in C57BL/6 mice (Fig 6). However, a significant drop in CD4
+
CD8

+
 thymocyte 

numbers was observed upon infection with delayed kinetics (Supporting Information Figure 

1D): day 5 in C57BL/6 compared to day 15 in 129/SvJ. Importantly, pJNK amounts in 

CD4
+
CD8

+
 thymocytes increased by day 15 (Supporting Information Figure 1F). Hence, 

thymic atrophy accompanied by elevated pJNK amounts is also observed upon infection with 

S. typhimurium in a Nramp-sufficient and a -resistant strain of mice. 

 

JNK inhibition rescues in vitro death of infected thymocytes 
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To assess the functional relevance of JNK activation, thymocytes from control and infected 

C57BL/6 mice were cultured in vitro and viability was assessed. Viable cells from the 

infected group, but not the uninfected, were reduced significantly by 18 h in culture (Figure 

2A) and the amounts of pJNK were elevated (Figure 2B). Inhibition of JNK by SP600125, 

but not ERK (PD98059) and p38MAPK (SB202190), rescued the in vitro death of 

thymocytes from infected mice (Figure 2C). Importantly, the rescue in cell viability was also 

accompanied by a concomitant decrease in pJNK, intracellular ROS, Annexin V positive 

cells and loss of mitochondrial membrane potential (Figure 2B, 2D-F). 

 

Dexamethasone and IFN- induced death of thymocytes is mediated via JNK 

Since glucocorticoids and IFN-γ have been implicated in thymic atrophy during infection 

with virulent Mycobacterium avium [6] and S. typhimurium [8], the direct involvement of 

these molecules in thymocyte death and their relationship with JNK were investigated. 

Thymocytes from uninfected C57BL/6 mice underwent death in a dose-dependent manner 

when cultured in vitro in the presence of Dex, IFN-γ, ConA or anti-CD3 but not LPS or S. 

typhimurium. SP600125 rescued the Dex, IFN-γ and anti-CD3, but not ConA, mediated death 

in a dose dependent manner (Supporting Information Figure 2A-C). When a combination of 

Dex and IFN-γ were used at doses that individually did not affect thymocyte viability, 

CD4
+
CD8

+
 thymocytes, but not the other subsets, underwent death to a greater extent as 

compared to treatment with either signal alone (Figure 3A, 3B, Supporting Information 

Figure 2D). Importantly, the loss of viability was accompanied by a concomitant increase in 

pJNK, ROS and Annexin V and decrease in mitochondrial membrane potential which were 

rescued by SP600125 (Figure 3C-F, Supporting Information Figure 2E-G). Together these 

results indicate that JNK activation upon S. typhimurium infection is downstream to the 

glucocorticoid and IFN-γ-mediated pathways. 
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JNK activation is functionally important during the depletion of CD4
+
CD8

+
 thymocytes 

in vivo 

The functional relevance of pJNK amounts, with respect to thymocyte survival during 

infection in vivo, was assessed. No significant differences were observed in the CFUs 

recovered from infected C57BL/6 mice upon SP600125 treatment (Figure 4A, 4B). Although 

the mesenteric lymph node (MLN) cell numbers decreased marginally, JNK inhibition had no 

effect on this ~1.5 fold depletion. Importantly, a dose dependent rescue in the ~ 8 fold drop in 

thymocyte numbers was observed with increasing doses of SP600125, wherein a single dose 

of 25 mg/kg and above delivered i.p. 12-16 hr after oral infection, rescued thymocyte death 

by ~80 % (Figure 4D). Also, SP600125 treatment did not have any adverse effects on the 

progression of infection and survival of mice (Figure 4E). Upon characterization of the 

thymocyte subsets during infection, a significant rescue was observed in the depletion of 

CD4
+
CD8

+
 thymocytes in the SP600125 treated mice as compared to the vehicle controls 

(Figure 4F). Importantly, the histological integrity of the thymus was maintained, with 

minimal damage to the typical thymic architecture, upon SP600125 treatment of infected 

mice. Both the cortex and medulla were structurally intact and the tissue sections from the 

SP600125 group closely resembled the control group (Figure 4G).  Additionally, the 

infection-induced increase in ROS, Annexin V and caspase 3 activity and the decrease in 

mitochondrial potential in thymocytes were abrogated upon JNK inhibition (Figure 5A-D, 

Supporting Information Figure 3A, 3B).  

 

To study the apoptotic process in further detail, the intracellular amounts of pro-apoptotic 

Bax and anti-apoptotic Bcl-xL, in thymocyte subsets upon infection, were studied. 

Importantly, the fold increase in Bax amounts upon infection was greater in CD4
+
CD8

+
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compared to single positive thymocytes and was lowered by SP600125 treatment (Figure 5E, 

Supporting Information Figure 3C). Concomitantly, the fold decrease in amounts of Bcl-xL 

was greater in CD4
+
CD8

+
 thymocytes upon infection compared to single positive thymocytes 

and was maintained by JNK inhibition (Figure 5F, Supporting Information Figure 3D). 

 

JNK modulates the glucocorticoid and inflammatory cytokine pathways 

As JNK inhibition has a profound protective effect on thymic atrophy, the JNK-mediated 

modulation of the glucocorticoid mediated signaling and inflammatory processes, were 

addressed with respect to thymic atrophy. Interestingly, administration of SP600125 lead to a 

small decrease in serum amounts of cortisol (Figure 6A). By day 4 post-infection, serum 

amounts of TNF-α, IFN-γ, IL-1β and IL-6 were significantly reduced upon SP600125 

treatment compared to the vehicle treated groups (Figure 6B-E).  

 

Discussion 

 

During oral infection of C57BL/6 mice by S. typhimurium the numbers of immature 

CD4
+
CD8

+
 thymocytes, but not single positive and mature, CD4

+
 and CD8

+
 thymocytes or 

mesenteric lymph node cells, are greatly reduced [8]. In the present study, the functional roles 

of MAPKs during infection-induced thymic atrophy were investigated. Upon infection, the 

amounts of activated JNK, but not p38MAPK, were enhanced in C57BL/6 thymocytes 

(Figure 1). Also, the amounts of pJNK increased predominantly in the immature CD4
-
CD8

-
 

and CD4
+
CD8

+
 thymocyte population and inhibition of JNK activation by SP600125 

prevented this induction (Figure 1C, 1E).  C57BL/6 mice are Nramp–deficient and are greatly 

susceptible to S. typhimurium infection with higher CFU burden and enhanced amounts of 

inflammatory cytokines [8, 39]. Since the CFU burden is low during Salmonella infection in 
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humans [38], a physiologically more relevant model was utilized. Nramp-sufficient 129/SvJ 

mice were infected with S. typhimurium orally and these mice had delayed infection kinetics 

with significantly low inflammatory cytokine amounts on day 5 and day 15 (Supporting 

Information Figure 1) [39]. However, there was a distinct drop in number of CD4
+
CD8

+
 

thymocytes along with enhanced pJNK amounts by day 15 (Supporting Information Figure 

1). Thus, S. typhimurium infection via the oral, i.e. the physiological, route leads to thymic 

atrophy in both, the Nramp-deficient C57BL/6 and the Nramp-sufficient 129/SvJ mice.  

 

It is unlikely that direct interaction of S. typhimurium with thymocytes leads to their death 

during infection (Supporting Information Figure 2C). Most likely, the intracellular growth of 

bacteria within host cells leads to increase in the amounts of glucocorticoids, inflammatory 

cytokines, etc., which cooperate in enhancing the death of immature thymocytes [8]. 

Corticosteroids and IFN-γ are also produced within the thymus by the various cell types 

present therein [7, 40-42]. In this study, the direct in vitro effects of cortisol and IFN-  in 

enhancing JNK activation, leading to the death of CD4
+
CD8

+
 thymocytes from C57BL/6 

mice were addressed. Uninfected thymocytes were treated with Dex or IFN-  which led to a 

dose dependent loss of cell viability (Supporting Information Figure 2A and B). A recent 

study has shown that the Dex-mediated transcriptional upregulation of the pro-apoptotic 

molecule, Bim, is via JNK [43]. Importantly, when a combination of Dex and IFN-γ was 

used, at doses that independently have less effect, significant CD4
+
CD8

+
 thymocyte death 

was observed. This was accompanied by increased pJNK, Annexin V and increased loss of 

mitochondrial membrane potential. Death under these conditions was rescued by the 

treatment of thymocytes with SP600125 (Figure 3), indicating that JNK activation is 

important during Dex and IFN- mediated thymocyte death. Importantly, JNK activation in 

thymocytes upon infection was abrogated in mice lacking IFN-γ and treated with RU486 
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(Figure 1F). Together, these data reveal that glucocorticoids and IFN- are major regulators 

of JNK activation during infection-induced thymic atrophy in C57BL/6 (Nramp-deficient) 

mice. 

 

The inhibition of JNK compromises the ability of some pathogens to infect host cells [35,36]. 

However, upon infection of C57BL/6 mice, organ CFUs (Figure 4B) and survival (Figure 4E) 

of infected mice were not affected by inhibition of JNK. Hence, any rescue observed in 

thymic atrophy would not be a consequence of reduced bacterial burdens during infection. 

This ensured that the JNK inhibitor, SP600125, could be used as a valid candidate to study 

the mechanisms involved during infection induced thymic atrophy. Strikingly, inhibition of 

JNK signaling abrogated the depletion of immature CD4
+
CD8

+
 thymocytes upon infection 

indicating that this is a critical signal during infection-induced thymic atrophy (Figure 4B, 

4F). Most likely, this rescue is mediated via direct as well as indirect effects: First, studies 

with uninfected thymocytes demonstrated that the JNK inhibitor was able to “directly” block 

the glucocorticoid or IFN-γ-mediated death of immature thymocytes while lowering ROS and 

enhancing mitochondrial potential (Figure 3). Second, enhanced in vitro death of thymocytes 

from infected mice, compared to those from control mice, was observed. Most likely, 

thymocytes from infected mice were programmed to die quicker due to the signals perceived 

in vivo during infection (Figure 2A). Also, inhibition of JNK, but not ERK or p38MAPK, 

rescued the survival of thymocytes, which correlated with lower Annexin V, ROS and normal 

mitochondrial membrane potential (Figure 2C-F). Extensive mitochondrial damage during 

apoptosis is associated with the activation of JNK, and its interactions with mitochondrial 

pro-apoptotic proteins [44,45]. JNK not only regulates mitochondria-mediated apoptosis but 

also increases the phosphorylation of c-Jun in AP-1. Inhibition of JNK leads to lack of Bcl2 

phosphorylation and protects hepatocytes from acetaminophen-induced death [46]. 
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Additionally, in a carcinoma cell line, the JNK-specific inhibitor abolished mevastatin-

induced cell growth inhibition and apoptosis [47]. Also, thymocytes have a distinct 

distribution of pro and anti-apoptotic proteins and they are exquisitely sensitive to the action 

of Bcl2 family proteins [48]. Finally, upon inhibition of JNK signaling during in vivo 

infection, significant rescue in CD4
+
CD8

+ 
thymocyte numbers were observed (Figure 4D). 

Also, there were lower amounts of ROS, mitochondrial damage and caspase 3 activity. In 

addition, the fold increase in Bax and decease in Bcl-xL amounts in CD4
+
CD8

+
 thymocytes 

was rescued by JNK inhibition (Figures 4E, 4F, 5 and Supporting Information Figure 3). 

Together, these data suggest that JNK activation directly leads to cell death. 

 

In addition, there are probably indirect mechanisms by which the JNK inhibitor blocks death 

of CD4
+
CD8

+
 thymocytes during infection. Thymic architecture, which is known to be 

disorganized during some models of thymic atrophy [5,6,8,21,22], was well preserved upon 

SP600125 administration during infection (Figure 4G). It is possible that the SP600125-

mediated protection of thymocytes from in vivo death signals during infection may be a 

consequence of the maintenance of thymic environment, which is critical during thymocyte 

development. Additionally, JNK has been implicated in the development of insulin 

resistance, neurological and cardiac disorders as well as many inflammatory diseases, 

including rheumatoid arthritis [49]. The JNK inhibitor lowered the amounts of cortisol in a 

modest manner during infection; however, it significantly reduced the amounts of 

inflammatory cytokines (Figure 6). Further studies are required to correlate the amounts of 

organ-specific cytokines with bacterial burden. Also, the types of cells producing these 

cytokines and their regulation during infection need to be pursued. It may be worthwhile to 

remember these caveats while correlating the effects of inflammatory cytokines during 

thymic atrophy.  
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Studies using RU486 and Ifn
-/-

 mice revealed the roles of glucocorticoids and IFN-  in 

enhancing JNK activation (Figure 1G). It is possible that some feed back regulatory processes 

exist that enhanced the amounts of cortisol and inflammatory cytokines upon JNK activation 

(Figure 6). Most likely, the high efficiency of the JNK inhibitor in reducing thymic atrophy 

was due to its ability to work at multiple stages: direct (Figure 2 and Figure 3), indirect 

(Figure 4 and Figure 5) and effects on thymic architecture (Figure 4G). Further studies using 

genetic knockout mice are necessary to delineate the specific contributions of its isoforms 

JNK1, JNK2 and JNK3 during infection induced thymic atrophy. In this study, SP600125 

was used which inhibits all the isoforms of JNK. Also, the roles of other MAPK pathway 

components and the downstream signaling molecules that might interact with these leading to 

thymocyte death need to be deciphered. 

 

During prolonged chronic infections or chemotherapy, thymic atrophy is observed together 

with peripheral lymphopenia. Under these circumstances, thymic atrophy may lead to the 

generation of lower numbers of mature T cells and hamper the host’s ability to respond to 

immune challenges. In this model, a small degree of peripheral lymphopenia accompanies the 

massive thymic atrophy; however this appears to be independent of cortisol, IFN-γ [8] and 

JNK activation (Figure 4C). The present model of study is an acute and lethal infection 

model, wherein mice die by 10-15 days. Therefore, it is difficult to comment upon the 

consequences of the observed lymphopenia and thymic atrophy in host resistance to 

subsequent immune challenges. However, HIV-infected individuals with extensive peripheral 

lymphopenia also exhibit enhanced thymic atrophy and reduced thymic output. Interestingly, 

anti-retroviral therapy not only supports peripheral CD4
+
 T-cell reconstitution but also boosts 

thymic function, indicating that the thymus may play a role in immune reconstitution [13-19]. 

A
cc

ep
te

d 
A

rti
cl

e



 

Thus, understanding the mechanisms involved in thymic atrophy may influence therapeutic 

regimes where thymic output may be an important parameter. Consequently, the combination 

of anti-microbial compounds and compounds that boost thymic function may prove to be 

extremely beneficial. As shown in this study, the high efficacy of the inhibition of JNK 

activation in rescuing infection-induced thymic atrophy makes this molecule a good target for 

such strategies. Further studies will be required to evaluate the role of JNK activation during 

other models of thymic atrophy.  

 

JNK plays an important role during thymocyte development [29-33]; consequently, long term 

JNK inhibition may increase the number of self reactive T cells that may result in 

autoimmunity. This aspect needs careful consideration; however, several small molecule JNK 

inhibitors are under development as anti-inflammatory molecules during arthritis and Crohn’s 

disease [49-53]. To the best of our knowledge, this study is the first to demonstrate a role of 

JNK activation during infection-induced thymic atrophy. Further studies will be required to 

evaluate the roles of JNK inhibitors during thymic atrophy caused by other pathogens and 

their clinical relevance. 
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Materials and methods 

 

Bacterial cultures and inhibitors. S. typhimurium NCTC 12023 was used for oral infection 

of mice [54]. Bacteria were cultured overnight in Luria broth from a single colony on a 

salmonella-shigella agar plate. The overnight pre-inoculum was used at 0.2 % in fresh 50 ml 

Luria broth to obtain a log phase culture (3-4 hr, 160 rpm, 37°C) and bacteria were 

resuspended in sterile PBS. RU486 (Mifepristone, a progesterone and glucocorticoid receptor 

antagonist) and SP600125 or JNK Inhibitor II (a reversible, ATP-competitive inhibitor for 

JNK1, 2 and 3) [55] were purchased from Sigma Aldrich Ltd., USA, dissolved in DMSO and 

injected i.p. at the indicated doses. Inhibitors were administered once i.p. 12-16 h after oral 

infection. PD98059 (a selective MEK1-ERK1 inhibitor) and SB202190 (a highly potent and 

cell permeable inhibitor of p38MAPKs) were purchased from Calbiochem, USA, and 

dissolved in DMSO. Lipopolysaccharide (LPS), dexamethasone (Dex, a synthetic 

glucocorticoid) and concanavalin A (ConA) were purchased from Sigma Aldrich Ltd., USA. 

Recombinant mouse IFNγ was purchased from PeproTech, Israel. 

 

Mice and infection protocol. 6-8 week-old C57BL/6 and C57BL/6.Ifnγ
-/-

 (Ifnγ
-/-

) mice were 

bred and maintained at the Central Animal Facility of IISc. 129/SvJ mice were obtained from 

Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore and maintained at the 

Central Animal Facility of IISc. Mice were given an oral dose of ~10
8
 -

 
10

9 
CFU S. 

typhimurium in a total volume of 0.5 ml PBS. Each experimental group had between 3 to 12 

mice. All experiments were performed upon approval and in accordance with the guidelines 

stated by the Institutional Animal Ethics Committee, IISc. On indicated days post infection, 

mice were sacrificed and the CFU load in tissue samples was enumerated by plating tissue 

homogenates on salmonella-shigella agar. Blood collected upon sacrificing the mice was 
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allowed to clot and centrifuged, and serum was stored at -20°C for further analysis. The 

survival of mice was monitored at 12 h intervals for a period of 15 days post infection. 

 

Cytokines and cortisol measurement. Serum amounts of TNF-α, IFN-γ, IL-1β and IL-6 

were measured using ELISA kits (eBioscience, USA) and cortisol amounts were measured by 

an AccuBind ELISA kit (Monobind, Inc., USA) according to manufacturers’ instructions. 

 

Isolation and culture of lymph node cells and thymocytes. On indicated days post 

infection, mice were sacrificed and MLN and thymi were dissected. The tissues were washed 

in PBS, weighed and disrupted using forceps and fine wire mesh to prepare single cell 

suspensions in RPMI + 5 % FCS [56]. Viable cell numbers were determined using Trypan 

blue staining and counting was done with a haemocytometer. Thymocytes from control and 

infected mice were cultured in 96 well round bottom plates at a density of 0.3 million cells 

per well with or without inhibitors and viable cells were estimated at indicated time points. 

 

Flow cytometric analysis. Cell surface markers and intracellular signaling analysis was 

performed on a BD Canto II flow analyzer. FITC- or allophycocyanin-conjugated 

monoclonal antibodies against CD4 and PE-conjugated antibodies against CD8 were obtained 

from eBioscience, USA. Rabbit polyclonal antibodies against total and phosphorylated JNK 

and total p38MAPK were obtained from Millipore USA. Anti-phospho p38MAPK was 

obtained from Imgenex, USA and FITC-conjugated anti-rabbit and anti-mouse monoclonal 

antibodies were from Jackson ImmunoResearch, USA. Anti-mouse Bcl-xL and Bax 

antibodies were obtained from Cell Signaling Technology, USA. Briefly, cells were 

incubated with fluorophore tagged antibodies against surface markers, washed, fixed and 

resuspended in small volumes of permeabilization buffer. Cells were incubated with specific 
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antibodies against intracellular proteins which were detected using appropriate secondary 

antibodies. The stained samples were resuspended in 0.5 % paraformaldehyde before 

acquiring FACS data. Live cell populations were gated on the basis of forward and side 

scatter. Thymocyte subsets were gated on the basis of CD4 and CD8 expression (Figure 1D). 

All FACS data were analyzed using the BD Diva and WinMDI softwares. 

 

Cell death and mitochondrial assays. Cell death was assayed using FITC-conjugated 

AnnexinV and Propidium iodide (PI) from BD Biosciences, USA. Briefly, thymocytes were 

incubated with AnnexinV-FITC in binding buffer for 30 min on ice followed by washing and 

PI addition before data was acquired on a BD Canto II. Caspase 3 activity colorimetric assay 

was performed according to manufacturer’s instructions using a kit from Sigma Aldrich Ltd., 

USA. Changes in mitochondrial membrane potential were analyzed by incubating cells with 

100 nM MitoTracker Red CMXROS (Invitrogen, USA) at 37°C for 30 min, washing cells 

and acquiring data on a BD Canto II. Cells with damaged mitochondria had lesser 

accumulation of MitoTracker Red CMXROS and these populations were quantified. 

Similarly, intracellular reactive oxygen species (ROS) were measured by incubating cells 

with 10 μM 5-(and-6)-Carboxy-2',7'-Dichlorofluorescein Diacetate (DCFDA) for 15 min at 

37°C , washing off excess dye and acquiring data on the flow cytometer. 

 

Histological examination. MLN and thymi were dissected, washed in PBS and fixed in 10 % 

neutral buffered formalin. The tissues were embedded in paraffin wax and the sections were 

stained with haematoxylin and eosin (H & E). Slides were observed under an inverted light 

microscope and 100X magnified images were acquired on a Nikon camera attached to the 

microscope. 
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Statistical analysis. Data were plotted and analyzed using commercially available software 

(WinMDI, Microsoft Excel and GraphPad Prism 5). The quantified data from independent 

experiments are presented as mean +/- SEM. Statistically significant differences between 

various parameters were assessed by means of Student’s t test with 95% confidence interval 

and p values were reported as follows * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 1. Intracellular pJNK increases in CD4
+
CD8

+
 thymocytes upon S. typhimurium 

infection. C57BL/6 mice were orally infected with 10
8
 CFUs of S. typhimurium and treated 

with either SP600125 (25 mg/kg) or RU486 (25 mg/kg). On day 4 post infection, uninfected 

and infected mice were sacrificed and intracellular amounts of (A) p38MAPK and p-

p38MAPK and (B) JNK and pJNK were estimated by flow cytometry. (C) Representative 

flow cytometry plots of JNK and pJNK amounts in total thymocytes from uninfected (UI), 

infected (Stm) and infected with SP600125 treated (Stm + SP600125) mice are shown. (D) 

The gating strategy for analysis of pJNK expression in CD4
-
CD8

-
, CD4

+
CD8

+
, CD4

+
CD8

-
 

and CD4
-
CD8

+
 thymocytes upon infection, with and without SP600125 treatment are 

depicted. (E) Representative flow cytometry plots (left) and quantification of pJNK 

expression in the indicated thymocyte subsets (right) are shown. (F) Viable cell number and 

(G) pJNK amounts in thymocytes upon treatment of infected C57BL/6 and Ifnγ
-/- 

mice with 

RU486 is shown. (A, B, E-G) Data are shown as mean + SEM of 3-5 mice per group from 

one experiment representative of three independent experiments.  p ≤ 0.05, ** p ≤ 0.01 and 

*** p ≤ 0.001, Student’s t test. 
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Figure 2. Inhibition of JNK signaling rescues in vitro death of thymocytes from infected 

mice. C57BL/6 mice were orally infected with 10
8
 CFU S. typhimurium. (A) On day 4 post 

infection the in vitro survival of thymocytes from uninfected (UI) and infected (Stm) mice 

was assessed at different time points. (B) Intracellular amounts of pJNK in CT and ST upon 

SP600125 treatment were estimated by flow cytometry and a representative histogram is 

depicted (right). (C) Viable cell numbers of UI and Stm upon treatment with indicated doses 

of SP600125, PD98059 and SB202190 for 18 h were measured by Trypan blue exclusion. 

(D-F) Thymocytes from uninfected and infected mice were treated with SP600125 for 18 h 

and (D) intracellular ROS, (E) extent of apoptosis by Annexin V and (F) loss of 

mitochondrial potential were measured by flow cytometry. The data are shown as mean + 

SEM of three experiments in which cells from 2-3 mice were pooled per experiment.   * p ≤ 

0.05, ** p ≤ 0.01 and *** p ≤ 0.001, Student’s t test.   
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Figure 3. IFN-γ and glucocorticoids together lead to activation of JNK and apoptosis of 

CD4
+
CD8

+
 thymocytes. Thymocytes from uninfected C57BL/6 mice were isolated and 

cultured in vitro with indicated doses of Dex in combination with IFN-γ in the presence and 

absence of SP600125. (A) viable cell numbers, (B) percentage of CD4
+
CD8

+
 thymocytes, (C) 

intracellular pJNK amounts, (D) extent of apoptosis, (E) intracellular ROS and (F) loss of 

mitochondrial potential were measured. The data are shown as mean + SEM of two 

independent experiments in which cells from 3 mice were pooled per experiment. * p ≤ 0.05, 

** p ≤ 0.01 and *** p ≤ 0.001, Student’s t test.   
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Figure 4. Inhibition of JNK signaling rescues S. typhimurium infection-induced thymic 

atrophy. C57BL/6 mice were infected (Stm) with 10
8
 CFU S. typhimurium and treated with 

25 mg/kg SP600125 (Stm + SP600125), unless otherwise indicated. (A, B) CFU and (C, D) 

viable cell numbers were determined on day 4 post infection. (E) Survival analysis of 

infected and SP600125 treated mice was performed. (F) The number of viable thymocytes in 

different subsets control (UI), infected and SP600125 treated mice were estimated. (A-F) 

Data are shown as mean ± SEM of 5 mice per group from one experiment representative of 

four independent experiments performed. (G) Histological analysis of thymi from the 

indicated groups was performed by staining with hematoxylin and eosin. Images were 

obtained at 100x magnification using a light microscope fitted with Nikon camera. * p ≤ 0.05, 

** p ≤ 0.01 and *** p ≤ 0.001, Student’s t test.   
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Figure 5. JNK activation upon S. typhimurium infection elicits apoptotic death 

processes. Thymocytes were isolated from control (UI), infected (Stm) and infected with 25 

mg/kg SP600125 treated (Stm + SP600125) C57BL/6 mice. (A) Intracellular ROS, (B) 

Annexin V and PI staining, (C) mitochondrial potential and (D) caspase 3 activity in 

thymocyte populations from indicated groups were determined. (E, F) The fold difference in 

intracellular amounts of (E) Bax and (F) Bcl-xL in thymocyte subsets was determined. The 

data are shown as mean + SEM of 5-7 mice per group pooled from three independent 

experiments. * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001, Student’s t test.   
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Figure 6. JNK activation enhances in vivo amounts of cortisol and inflammatory 

cytokines during S. typhimurium infection. Serum samples were collected on day 4 post 

infection from uninfected (UI) and infected C57BL/6 mice in the absence (Stm)  or presence 

(Stm + SP600125) of SP600125 (25 mg/kg) treatment. Serum amounts of (A) Cortisol, (B) 

TNF-α, (C) IFN-γ, (D) IL-1β and (E) IL-6 were quantified using ELISA. Each symbol 

represents an individual mouse and bars represent mean + SEM. Data shown are pooled from 

three independent experiments. * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001, Student’s t test.   
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