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Abstract 

Background: Pathophysiological consequences of traumatic brain injury (TBI) mediated secondary injury remain 
incompletely understood. In particular, the impact of TBI on the differentiation and maintenance of dendritic cells 
(DCs), which are regarded as the most professional antigen presenting cells of the immune system, remains com-
pletely unknown. Here, we report that DC-differentiation, maintenance and functions are altered on day 3 and day 7 
after TBI.

Methods: Long bones, spleen, peripheral lymph nodes (pLNs), mesenteric lymph nodes (mLNs), liver, lungs, skin and 
blood were collected from mice with either moderate-level cortical impact (CCI) or sham on day 1, day 3 or day 7 after 
TBI. Bone marrow cells were isolated from the tibias and femurs of hind limb through flushing. Tissues were digested 
with Collagenase-D and DNase I. Skin biopsies were digested in the presence of liberase + DNase I. Single cell suspen-
sions were made, red blood cells were lysed with Ammonium chloride (Stem Cell Technology) and subsequently 
filtered using a 70 μM nylon mesh. DC subsets of the tissues and DC progenitors of the BM were identified through 
10-color flow cytometry-based immunophenotyping studies. Intracellular reactive oxygen species (ROS) were identi-
fied through H2DCFDA staining.

Results: Our studies identify that; (1) frequencies and absolute numbers of DCs in the spleen and BM are altered 
on day 3 and day 7 after TBI; (2) surface expression of key molecules involved in antigen presentation of DCs were 
affected on day 3 and day 7 after TBI; (3) distribution and functions of tissue-specific DC subsets of both circulatory 
and lymphatic systems were imbalanced following TBI; (4) early differentiation program of DCs, especially the commit-
ment of hematopoietic stem cells to common DC progenitors (CDPs), were deregulated after TBI; and (5) intracellular 
ROS levels were reduced in DC progenitors and differentiated DCs on day 3 and day 7 after TBI.

Conclusions: Our data demonstrate, for the first time, that TBI affects the distribution pattern of DCs and induces 
an imbalance among DC subsets in both lymphoid and non-lymphoid organs. In addition, the current study dem-
onstrates that TBI results in reduced levels of ROS in DCs on day 3 and day 7 after TBI, which may explain altered DC 
differentiation paradigm following TBI. A deeper understanding on the molecular mechanisms that contribute to DC 
defects following TBI would be essential and beneficial in treating infections in patients with acute central nervous 
system (CNS) injuries, such as TBI, stroke and spinal cord injury.
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Background
Traumatic brain injury (TBI) is one of the major causes of 
morbidity and disability worldwide [1, 2]. Approximately, 
1.7 million people per year are afflicted by TBI and con-
tributes to 30% of all injury-related deaths with an annual 
cost of ~ $60 billion within the United States [1, 3–6]. In 
addition to causing severe trauma in the brain tissue, TBI 
initiates a cascade of cellular, molecular and biochemi-
cal events that are referred to as “secondary injury” [7]. 
Indeed, clinical outcome of TBI is determined by the 
nature and severity of both primary and secondary inju-
ries. While the clinical significance of tightly controlled 
neuroinflammation has begun to unfold, the pathophysi-
ological consequences of TBI mediated secondary injury 
remain incompletely understood.

Dendritic cells (DCs) are the most potent antigen pre-
senting cells and function as the sentinels of the immune 
system. DCs initiate and shape both innate and adaptive 
immune responses [8, 9]. In particular, DCs are essential 
for the initiation of protective T- and B-cell responses 
and, thus constitute a frontline defense against invading 
pathogens [10–12]. Indeed, impaired DC differentiation 
and functions ultimately results in severe autoimmune 
deficiencies and enhanced susceptibility to viral, bacte-
rial and fungal infections in mice and humans [13–15]. 
DCs are present in most tissues of the body and can be 
broadly divided into three major groups; (1) conventional 
or classical DCs (cDCs), which are further subdivided 
into cDC1 and cDC2 subsets, (2) plasmacytoid DCs 
(pDCs) and (3) monocyte-derived DCs (moDCs) [11, 16, 
17]. cDCs patrol the local environment, actively engulf 
and sample foreign antigens, migrate to the T-cell zones 
of the draining lymph nodes, and present antigenic pep-
tides to antigen inexperienced/naïve T cells. pDCs are, 
particularly, essential for the production of type I inter-
ferons and the establishment of anti-viral immunity. On 
the other hand, moDCs are routinely generated in vitro 
from monocytes in presence of granulocyte–macrophage 
colony stimulating factor (GM-CSF, CSF-2) and interleu-
kin4 (IL4) and are often utilized under clinical settings to 
perform immunotherapies against cancer [17].

Earlier studies unequivocally established the impact of 
TBI on peripheral immune cells, including both innate 
(granulocytes and macrophages) and adaptive (T-, B-, 
and NK-cells) immune system [18–21]. A series of recent 
studies highlighted the significance of DC-mediated 
functions during CNS injuries, including TBI [22], mid-
dle cerebral artery occlusion and cerebral ischemia [23]. 

However, physiological consequences of TBI on the 
development of DCs remain totally unknown. Our previ-
ous studies [24–27], as well as of others, established that 
sustained and chronic inflammation impairs early dif-
ferentiation pathways in HSCs. In particular, our studies 
indicated that the  Flt3+ hematopoietic progenitors are 
more sensitive to acute and chronic inflammation. Based 
on the key roles of Flt3/Flt3L signaling axis in the differ-
entiation and maintenance of DCs, we hypothesized that 
TBI-induced inflammation affects differentiation and 
maintenance of peripheral DCs.

In the present study, we induced experimental TBI in 
mice and studied its impact on DC maintenance. Our 
data identified that TBI affects the distribution pattern 
of DCs and induces an imbalance among DC subsets 
in both lymphoid and non-lymphoid organs. In addi-
tion, the current study demonstrates that TBI results in 
reduced levels of reactive oxygen species (ROS) in DCs 
on day 3 and day 7 after TBI, which may explain altered 
DC differentiation paradigm following TBI.

Methods
Mice and controlled cortical impact injury
C57BL/6 mice were purchased from the Jackson Labora-
tory. 8–12-week mice were used in this study. After being 
anesthetized with  isoflurane, the subject mice received 
controlled cortical impact (CCI) using a custom micro-
processor-controlled and compressed air driven pneu-
matic impactor. Briefly, a 10-mm midline  incision  was 
made over the skull, the skin and  fascia  were retracted, 
and a 4-mm craniotomy was made on the central aspect 
of the left parietal bone of mice under surgical anesthe-
sia. A moderate injury was induced by a 3.5-mm diam-
eter tip with impact velocity of 6 m/s and a deformation 
depth of 2 mm (Fig. 1A, B). In sham mice, same proce-
dure was performed except for the impact. The number 
of mice in each study is indicated in the figure legends. 
All surgical procedures and animal experiments were 
performed under protocols approved by the University of 
Maryland School of Medicine Institutional Animal Care 
and Use Committee (IACUC). The surgical procedures 
were performed by the same investigator using the same 
equipment.

Cell preparation
Spleen, lymph nodes (LNs), liver, lungs were digested 
with Collagenase-D (0.7  mg/mL) and DNase I (100U/ 
mL) in RPMI for 45 min at 37 °C. For skin DC isolation, 
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mouse ears were cut into pieces, digested in the pres-
ence of 250 μg/mL liberase + DNase I (100U/ mL) in 
HBSS + 5% FCS for 90  min at 37  °C. Cells were vor-
texed vigorously and passed through a 19-gauge needle 
to obtain a single cell suspension. Bone marrow cells 
were isolated from the tibias and femurs by inserting a 
23-gauge needle/ 1 mL syringe to the bone cavities and 
flushed with PBS 2%FCS until the bones become pale. 
Single cell suspensions were made through rigorous 
pipetting.

Red blood cells were lysed with Ammonium chloride 
(Stem Cell Technology) and subsequently filtered using a 
70 μM nylon mesh. Bone marrow cells were then counted 
with a hemacytometer and trypan blue (Amresco) nega-
tive cells were counted as live cells.

Flow cytometry
Cells were analyzed by flow cytometry with Attune Nxt 
(Thermofisher) and FlowJo software (Tree Star). The fol-
lowing monoclonal antibodies were used: anti-CD34 
(RAM34), anti-CD48 (HM48-1), anti-CD117 (2B8), 
anti-Flt3 (A2F10.1), anti-Sca-1 (D7), anti-B220 (RA3-
6B2), anti-CD19 (1D3), anti-CD3 (145-2C11), anti-CD4 
(GK1.5), anti-CD8 (53-6.7), anti-CD11b (M1/70), anti-
Gr-1 (RB6-8C5), anti-Ter119 (TER119), anti-CD11c 
(N418), anti-CD8(53-6.7), anti-PDCA1 (129C1), anti-
CD24 (M1/69), anti-SIRPa (P84), anti-CD103 (2E7), 
anti-CD45 (S18009F), anti-CD207 (4C7), anti-CD115 
(AFS98), anti-LY6C (HK1.4), anti-SiglecH (551), anti-
CLEC9A (7H11), anti-CD80 (16-10A1), anti-CD86 (GL-
1), anti-CD40 (3/23), anti-H2Kb (AF6-88.5), anti-IA/
IE (M5/114.15.2) and anti-BrdU (3D4) from Biolegend. 
Cells incubated with biotinylated monoclonal antibodies 
were incubated with fluorochrome-conjugated streptavi-
din–peridinin chlorophyll protein–cyanine 5.5 (551419; 
BD), streptavidin–allophycocyanin-Cy7 (554063; BD), 

streptavidin-super bright 650 (Biolegend). In all the FACS 
plots, indicated are the percentages (%) of the gated frac-
tion. Data were acquired on a Attune Nxt Acoustic focus-
ing cytometer using Attune software (life technologies) 
and analyzed using FlowJo (Treestar Inc).

Measuring ROS levels
Single cell suspensions were stained with cell surface 
markers and then incubated with 2 mM CM-H2DCFDA 
(Life Technologies C6827) in pre-warmed HBSS at 37 °C 
for 15  min. The cells were washed in ice-cold PBS, pel-
leted and resuspended in ice-cold PBS 2% FCS.

Statistics
Data represent mean and s.e.m. Significance was eval-
uated between 2 individual samples using Student 
unpaired  t tests. Comparisons within each surgery 
group were analyzed using two-way ANOVA with mul-
tiple comparisons test. For non-parametric data, Mann–
Whitney test  was used (*P < 0.05, **P < 0.01, *** < 0.001, 
**** < 0.0001).

Results
Augmented DC pool size in the spleen and bone marrow 
at the acute phase of TBI
To study if TBI causes alterations in DC compartment, 
we enumerated the frequencies of DCs in the spleen and 
BM. Flow cytometry-based immunophenotyping stud-
ies indicated reduced relative frequencies, but increased 
absolute numbers, of  CD11c+CII+ cDCs in the spleen 
after 3  days (d3) of TBI (Fig.  1C, D). Further fractiona-
tion of  CD11c+CII+ DCs into  CD8+CD11b− (cDC1) 
and  CD8−CD11b+ (cDC2) subsets [11, 16, 17] subsets 
revealed; normal relative numbers, but reduced abso-
lute numbers of cDC1 after 1  day (d1) of TBI (Fig.  1E, 
F); an increase in relative frequencies, normal total 

Fig. 1 TBI leads to altered numbers and distribution of DC subsets at the early phase. A Images of unfixed brains from sham and d3-TBI mice. B 
Images of formalin fixed brains from sham and d3-TBI mice. C FACS plots indicating frequencies of  CD11c+MHC-Class  IIhigh cDCs in the spleen of 
Sham, d1-TBI and d3-TBI mice. Data are representative of two independent experiments. D Cumulative frequencies (top) and absolute numbers 
(bottom) of cDCs in the spleen of Sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Data are representative of two independent experiments. E 
FACS plots indicating frequencies of  CD8+CD11b−cDC1,  CD8−CD11b+cDC2 and  CD8−CD11b− immature cDCs within pre-gated  CD11c+MHC-Class 
 IIhigh cDCs in the spleen of Sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Data are representative of two independent experiments. F–H 
Relative frequencies (left), overall frequencies (middle) and absolute numbers (right) of cDC1 (F), cDC2 (G) and immature cDCs (H) subsets in the 
spleen of Sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Data are representative of two independent experiments. I FACS plots indicating 
frequencies of  PDCA1+CD11cint pDCs and  PDCA1−CD11chigh cDCs in the spleen of Sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Data are 
representative of two independent experiments. J, K Overall frequencies (left) and absolute numbers (right) of pDCs (J) and cDCs (K) in the spleen 
of Sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Data are representative of two independent experiments. L FACS plots indicating frequencies 
of  PDCA1+CD11cint pDCs and  PDCA1−CD11chigh cDCs in the BM of Sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Data are representative 
of two independent experiments. M Overall frequencies (left) and absolute numbers (right) of pDCs in the BM of Sham (n = 4), d1-TBI (n = 5) and 
d3-TBI (n = 5) mice. Data are representative of two independent experiments. N FACS plots indicating frequencies of  CD11c+MHC-ClassIIhigh cDCs in 
the BM of Sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Data are representative of two independent experiments. O Overall frequencies (left) 
and absolute numbers (right) of cDCs in the BM of Sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Data are representative of two independent 
experiments. All data represent mean ± SEM. Mann–Whitney non-parametric tests were used to assess statistical significance (*P < 0.05, **P < 0.01, 
*** P < 0.001, **** P < 0.0001)

(See figure on next page.)
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frequencies and increased absolute numbers of cDC1 
subset after d3 of TBI (Fig.  1E, F); reduced overall fre-
quencies, but increased absolute numbers of cDC2 after 
d3 of TBI (Fig.  1E, G); and normal relative frequencies, 
reduced overall frequencies and increased absolute num-
bers of CD8–CD11b–CD11c+CII+ immature cDCs in 
the spleen after d3 of TBI (Fig.  1E–H). Further analysis 

indicated reduced relative numbers, but increased abso-
lute numbers, of  PDCA1+CD11cint pDCs (Fig. 1I, J) and 
 PDCA1−CD11chigh cDCs (Fig.  1I, K) in the spleen after 
d3 of TBI. Interestingly, normal relative frequencies, but 
reduced absolute numbers, of  PDCA1−CD11chigh cDCs 
was observed in the spleen after d1 of TBI (Fig.  1I, K). 
Next, we determined the frequencies of DCs in the BM 

Fig. 1 (See legend on previous page.)
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and analysis revealed an increase in both relative fre-
quencies and absolute numbers of  PDCA1+CD11cint 
pDCs in the BM after d1 and d3 of TBI (Fig. 1L, M). On 
the other hand, frequencies of  CD11c+CII+ cDCs were 
reduced, even though their absolute numbers were nor-
mal, in the BM after d3 of TBI (Fig. 1N, O). Finally, abso-
lute numbers of  CD11c+CII+ cDCs were increased, while 
the relative numbers were normal, in the BM after d1 of 
TBI (Fig. 1N, O). Overall, these data indicate that the fre-
quencies and absolute numbers of DCs in the spleen and 
BM are altered at the acute phase of TBI.

Altered DC subsets in the spleen and BM at the sub‑chronic 
phase of TBI
To investigate the impact of TBI on DC subsets at the 
sub-chronic phase, we performed immunophenotyping 
studies after 7  days (d7) of TBI. Our studies indicated 
normal frequencies, but increased absolute numbers, of 
 CD11c+CII+ cDCs in the spleen of d7 TBI mice (Fig. 2A). 
Further analysis of splenic cDC fraction of d7 TBI mice 
indicated; increased frequencies and absolute numbers of 
cDC1 subset (Fig. 2B); reduced frequencies, but normal 
absolute numbers, of cDC2 subset (Fig. 2C); and reduced 
frequencies, but normal absolute numbers, of immature 
cDC subset (Fig.  2D). Analysis of pDC compartment 
indicated increased frequencies and absolute numbers 
in spleen of d7 TBI mice (Fig. 2E). Consistent with data 
shown in Fig. 2A, frequencies of  PDCA1−CD11chigh were 
normal, but their absolute numbers were augmented in 
the spleen of d7 TBI mice (Fig. 2F).

On the other hand, analysis of DC subsets in the BM 
of d7 TBI mice revealed; a remarkable decrease in both 
frequencies and absolute numbers of  CD11c+CII+ cDCs 
(Fig.  2G); reduced frequencies and absolute numbers of 
cDC1 (Fig. 2H); non-significant reduction in relative fre-
quencies, but a reduction in absolute numbers, of cDC2 
(Fig.  2I); decreased relative frequencies and absolute 
numbers of pDCs (Fig. 2J); and reduced frequencies and 
absolute numbers of  PDCA1−CD11chigh cDCs (Fig. 2K). 
In essence, these data specify that sub-chronic phase of 
TBI induces an imbalance in the distribution of cDC and 
pDC subsets in the spleen and BM.

TBI alters expression levels of surface markers involved 
in DC functions
To test if expression of surface antigens essential for 
DC functions is affected by TBI, we performed detailed 
immunophenotyping studies. Analysis indicated CD80 
expression was normal in total DCs, cDC1 and cDC2 
subsets of the spleen after d1 and d3 of TBI (Fig.  3A). 
However, CD80 expression was modestly reduced in 
splenic pDCs after d3, when compared with d1, of TBI 
(Fig.  3A). Expression of CD86 was increased on total 

DCs and cDC2 subset on d1, when compared with that 
of d3 after TBI (Fig. 3B). Interestingly, CD86 expression 
levels in cDC1 subset were reduced on d3 after TBI and 
in pDCs remain unchanged after TBI (Fig.  3B). More 
importantly, expression levels of MHC class I (Fig.  3C) 
and MHC class II (Fig.  3D) were normal in total DCs, 
cDC1, cDC2 and pDCs of spleen after d1 and d3 of TBI.

Next, we assessed if DC associated surface markers 
are altered at the sub-chronic phase of TBI. Analysis on 
expression levels of surface antigen in splenic DC sub-
sets of d7 TBI mice revealed; normal expression levels of 
CD80 in cDC, cDC1, cDC2 and pDC subsets (Fig.  3E); 
increased expression levels of CD86 in total cDC, cDC1 
and cDC2 subsets, whereas normal levels of CD86 in 
pDCs (Fig.  3F); and reduced MHC-CII expression in 
total cDC, cDC1 and cDC2 subsets, whereas normal lev-
els of MHC-CII in pDCs (Fig.  3G). Immunophenotyp-
ing studies on BM DC subsets of d7 TBI mice indicated 
decreased MHC-CII and CD86 expression, whereas nor-
mal CD80 expression, in pDC subset (Fig. 3H) and strik-
ing reduction of MHC-CII and CD86 expression, whereas 
increased levels of CD80 expression, in  PDCA1−CD11C+ 
cDC fraction (Fig.  3I). Overall, these data indicate that 
TBI affects surface expression of molecules involved in 
antigen presentation of DCs on day 3 and day 7 after TBI.

TBI causes an imbalance in DCs subsets 
within the circulatory and lymphatic systems
Under steady state conditions DCs are constantly cir-
culated throughout the body to perform immune sur-
veillance and distributed to different organs through 
sophisticated networks of the blood and lymphatic sys-
tems [8–12]. To study if TBI has an impact on circulat-
ing DCs, we determined their frequencies in the blood 
and lymph nodes. Analysis of peripheral blood indi-
cated normal frequencies of total cDCs (Fig. 4A). How-
ever, within cDCs, a remarkable increase of cDC1 and 
a decrease of cDC2 subsets were observed in d7 TBI 
mice (Fig.  4A). Interestingly, expression levels of MHC-
CII were increased in total cDCs of blood from d7 TBI 
mice and further analysis indicated that this increase 
was specific to the cDC1, but not to the cDC2, compart-
ment (Fig. 4B). Next, we investigated the frequencies of 
DCs in the skin draining/peripheral lymph nodes (pLN). 
Analysis indicated normal frequencies of total cDCs and 
pDCs in the pLNs from d7 TBI mice (Fig.  4C). How-
ever, determination of cDC subsets revealed a remark-
able decrease of cDC1 and increase of cDC2 subsets in 
the pLNs of d7 TBI mice (Fig. 4C). Interestingly, immu-
nophenotyping studies on pLN DCs from d7 TBI mice 
indicated; a striking decrease of MHC- CII expression 
in all DC subsets, including total cDC, cDC1, cDC2 and 
pDC subsets (Fig.  4D, left); normal expression levels of 
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Fig. 2 TBI causes changes in DC pool and functions at the sub-chronic phase. A Relative frequencies (left) and absolute numbers (right) of cDCs 
in the spleen of Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent experiments. B Relative frequencies (left) 
and absolute numbers (right) of cDC1 subset in the spleen of Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent 
experiments. C Relative frequencies (left) and absolute numbers (right) of cDC2 subset in the spleen of Sham (n = 4) and d7-TBI (n = 5) mice. Data 
are representative of two independent experiments. D Relative frequencies (left) and absolute numbers (right) of immature cDC subset in the 
spleen of Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent experiments. E Relative frequencies (left) and absolute 
numbers (right) of pDC subset in the spleen of Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent experiments. 
F Relative frequencies (left) and absolute numbers (right) of  PDCA1−CD11chigh cDC subset in the spleen of Sham (n = 4) and d7-TBI (n = 5) mice. 
Data are representative of two independent experiments. G Relative frequencies (left) and absolute numbers (right) of cDCs in the BM of Sham 
(n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent experiments. H Relative frequencies (left) and absolute numbers (right) 
of cDC1 subset in the BM of Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent experiments. I Relative frequencies 
(left) and absolute numbers (right) of cDC2 subset in the BM of Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent 
experiments. J Relative frequencies (left) and absolute numbers (right) of pDC subset in the BM of Sham (n = 4) and d7-TBI (n = 5) mice. Data are 
representative of two independent experiments. K Relative frequencies (left) and absolute numbers (right) of  PDCA1−CD11chigh cDC subset in the 
BM of Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent experiments. All data represent mean ± SEM. Two-tailed 
student’s t tests were used to assess statistical significance (*P < 0.05, **P < 0.01, *** P < 0.001, **** P < 0.0001)
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CD80 in total cDCs and pDCs. However, within cDCs, 
CD80 was decreased in cDC1 and increased in cDC2 
subsets (Fig.  4D, middle); and CD86 expression was 

remarkably reduced in total cDC, cDC1 and pDC sub-
sets, even though CD86 expression was normal in cDC2 
subset (Fig.  4D, right). Finally, we analyzed the DC 

Fig. 3 TBI alters expression of expression levels of surface molecules involved in DC functions. A–D Surface expression levels of CD80 (A), CD86 
(B), MHC-CI (C) and MHC-CII (D) in total cDC, cDC1, cDC2 and pDC subsets of spleen from Sham (n = 4), d1- (n = 5) and d3- (n = 5) TBI mice. Shown 
were Geo-Mean Fluorescence Intensities (GMFI). E–G Surface expression levels of CD80 (E), CD86 (F) and MHC-CII (G) in total cDC, cDC1, cDC2 and 
pDC subsets of spleen from Sham (n = 4) and d7-TBI (n = 5) mice. Shown were GMFI. H, I Surface expression levels of CD80, CD86 and MHC-CII in 
 PDCA1+CD11c+ pDC (H) and  PDCA1−CD11c+ cDC (I) subsets of the BM from Sham (n = 4), d1- (n = 5) and d3- (n = 5) TBI mice. Shown were GMFI. 
All data represent mean ± SEM. Mann–Whitney non-parametric tests and two-tailed student’s t tests were used to assess statistical significance 
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)

(See figure on next page.)
Fig. 4 TBI results in an imbalance among DC subsets of the circulatory and lymphatic systems. A Relative frequencies of total cDC, cDC1 and cDC2 
subsets in the peripheral blood from Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of three independent experiments. B Surface 
expression levels of MHC-CII in total cDC, cDC1 and cDC2 subsets of peripheral blood from Sham (n = 4) and d7-TBI (n = 5) mice. Shown were GMFI. 
Data are representative of three independent experiments. C Relative frequencies of total cDC, cDC1, cDC2 pDC subsets in the peripheral lymph 
nodes from Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent experiments. D Surface expression levels of MHC-CII, 
CD80 and CD86 in total cDC, cDC1, cDC2 and pDC subsets of peripheral lymph nodes from Sham (n = 4) and d7-TBI (n = 5) mice. Shown were GMFI. 
Data are representative of two independent experiments. E Relative frequencies of total cDC, cDC1 and cDC2 subsets in the mesenteric lymph 
nodes from Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent experiments. F Surface expression levels of MHC-CII, 
CD80 and CD86 in total cDC, cDC1, cDC2 and pDC subsets of mesenteric lymph nodes from Sham (n = 4) and d7-TBI (n = 5) mice. Shown were 
GMFI. Data are representative of two independent experiments. All data represent mean ± SEM. Two-tailed student’s t tests were used to assess 
statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)
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Fig. 4 (See legend on previous page.)
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compartments in the mesenteric lymph nodes (mLNs) 
and the data indicated that the frequencies of total cDCs 
were decreased in d7 TBI mice (Fig. 4E). However, within 
cDCs, there was a relative increase of cDC1 subset and 
a decrease in cDC2 subset in the mLNs of d7 TBI mice 
(Fig.  4E). Immunophenotyping studies on mLN cDCs 
from d7 TBI mice suggested; normal expression lev-
els of MHC-CII in total cDC, cDC1 and cDC2 subsets 
(Fig. 4F, left); increased expression levels of CD80 expres-
sion in cDC, cDC1 and cDC2 subsets (Fig.  4F, middle); 
and remarkable upregulation of CD86 in cDC, cDC1 and 
cDC2 subsets (Fig.  4F, right). Taken together these data 
demonstrate that TBI affects distribution and functions 
of specific DC subsets of both circulatory and lymphatic 
systems.

TBI affects distribution of DC subsets within solid organs
DC subsets of the solid organs, including lungs, liver and 
skin, participate in active immune surveillance and main-
taining a proper balance of cDC1, cDC2 and pDC sub-
sets is vital for their functions [11, 17, 28, 29]. Emerging 
studies demonstrate that both non-lymphoid and lym-
phoid tissue DCs derive from the same precursors in the 
BM [11] and follow a related differentiation program [30, 
31]. To test if TBI impacts the DC composition of solid 
organs, we determined the frequencies of DC compart-
ments of the lungs. Frequencies of total  CD11c+CII+ 
cDCs were increased within the  CD45+ hematopoietic 
fraction of lungs from d7 TBI mice (Fig.  5A). However, 
within  CD45+CD11c+CII+ cDCs, frequencies of  CD103+ 
cDC1 subset were increased and  CD11b+ cDC2 subset 
was normal in the lungs of d7 TBI mice (Fig. 5B). Further 
analysis of  CD45+CD11c+CII+CD11b+ cDC2 fraction 
revealed a decrease of  CD4+ cDC2 subset and normal 

frequencies of  CD4− cDC2 in the lungs of d7 TBI mice 
(Fig.  5C). Frequencies of  CD45+CD11c+CII+  PDCA1+ 
pDCs were reduced in the lungs of d7 TBI mice (Fig. 5D).

Next, we analyzed the DCs of liver from d7 TBI mice. 
Frequencies of  CD11c+CII+ cDCs within  CD45+ frac-
tion were elevated in the liver of d7 TBI mice (Fig. 5E). 
However, within  CD45+CD11c+CII+ cDCs, frequencies 
of  CD103+ cDC1 subset were increased and  CD11b+ 
cDC2 subset was normal in the liver of d7 TBI mice 
(Fig. 5F). Further analysis of  CD45+CD11c+CII+CD11b+ 
cDC2 fraction revealed an increase of  CD4+ cDC2 subset 
and normal frequencies of  CD4− cDC2 in the liver of d7 
TBI mice (Fig.  5G). Frequencies of  CD45+CD11c+CII+ 
 PDCA1+ pDCs were elevated in the liver of d7 TBI mice 
(Fig. 5H). Immunophenotyping studies indicated reduced 
expression levels of MHC-CII in total cDC, cDC1 and 
cDC2 subsets, whereas normal expression levels of 
MHC-CII in pDCs from the liver of d7 TBI mice (Fig. 5I).

Finally, we determined the frequencies of DCs in the 
skin. Frequencies of total  CD45+ hematopoietic cells were 
increased in the skin of d7 TBI mice (Fig. 5J). However, 
within  CD45+ fraction, the frequencies of  CD11c+CII+ 
DCs were reduced in the skin of d7 TBI mice (Fig. 5K). 
Determination of  CD11c+CII+  CD103+CD207+ der-
mal DCs and  CD11c+CII+  CD103−CD207+ Langerhans 
Cells (LCs) indicated a reduction of both fractions in the 
skin of d7 TBI mice (Fig. 5L, M). Overall, these data indi-
cate that TBI impacts the distribution and composition 
of DC subsets within the solid organs that participate in 
immune-surveillance functions.

TBI affects early differentiation pathways of DCs in the BM
Early stages of DC differentiation occur in the BM 
through commitment of hematopoietic stem cells (HSCs) 

Fig. 5 TBI affects DC distribution in solid organs. A Frequencies of  CD11c+CIIhigh cDCs within pre-gated  CD45+ hematopoietic fraction of lungs 
from Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent experiments. B Frequencies of  CD103+ cDC1 and  CD11b+ 
cDC2 subsets within  CD45+  CD11c+CIIhigh cDCs of lungs from Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent 
experiments. C Frequencies of  CD4+ cDC2 and  CD4− cDC2 subsets within  CD45+  CD11c+CIIhigh  CD103−CD11b+ cDC2 cells of lungs from Sham 
(n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent experiments. D Frequencies of  CD11cintPDCA1+ pDCs within pre-gated 
 CD45+ hematopoietic fraction of lungs from Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent experiments. E 
Frequencies of  CD11c+CIIhigh cDCs within pre-gated  CD45+ hematopoietic fraction of liver from Sham (n = 4) and d7-TBI (n = 5) mice. Data are 
representative of two independent experiments. F Frequencies of  CD103+ cDC1 and  CD11b+ cDC2 subsets within  CD45+  CD11c+CIIhigh cDCs of 
liver from Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent experiments. G Frequencies of  CD4+ cDC2 and  CD4− 
cDC2 subsets within  CD45+  CD11c+CIIhigh  CD103−CD11b+ cDC2 cells of liver from Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of 
two independent experiments. H Frequencies of  CD11cintPDCA1+ pDCs within pre-gated  CD45+ hematopoietic fraction of liver from Sham (n = 4) 
and d7-TBI (n = 5) mice. Data are representative of two independent experiments. I Surface expression levels of MHC-CII in total cDC, cDC1, cDC2 
and pDC subsets of liver from Sham (n = 4) and d7-TBI (n = 5) mice. Shown were GMFI. Data are representative of two independent experiments. 
J Frequencies of  CD45+ hematopoietic cells from skin of Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent 
experiments. K Frequencies of  CD11c+CIIhigh cDCs within pre-gated  CD45+ hematopoietic fraction of skin from Sham (n = 4) and d7-TBI (n = 5) 
mice. Data are representative of two independent experiments. L Frequencies of  CD103+CD207+ dermal DCs within  CD45+CD11c+CIIhigh cells 
of skin from Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent experiments. M Frequencies of  CD103−CD207+ 
Langerhans Cells within  CD45+CD11c+CIIhigh cells of skin from Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent 
experiments. All data represent mean ± SEM. Two-tailed student’s t tests were used to assess statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001)

(See figure on next page.)
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to common dendritic cell progenitors (CDPs) [32]. 
Indeed, changes in the frequencies and numbers of CDPs 
result in abnormal composition of DCs in both lymphoid 
and non-lymphoid organs [11, 16, 17]. In view of the fact 
that TBI affects distribution of DCs in almost all organs, 
we investigated if TBI has an impact on the early stages 
of DC differentiation. Flow cytometric analyses identified 
reduced relative frequencies of  Lin−c-KitintFlt3+CD115+ 
CDPs in the BM of d1 and d3 TBI mice (Fig.  6A, B), 
decreased overall frequencies of CDPs in the BM of d3 
TBI mice (Fig. 6A,C), and diminished absolute numbers 
of CDPs in the BM of d3 TBI mice (Fig. 6A, D). On the 

other hand, relative frequencies (Fig. 6A, E), overall fre-
quencies (Fig.  6A, F), and absolute numbers (Fig.  6A, 
G) of  Lin−c-KitintFlt3+CD115− pDC-committed-pro-
genitors were augmented in the BM of both d1 and d3 
TBI mice. To study if these changes in the DC progeni-
tors of the BM are consistent at the sub-chronic phase of 
TBI, we analyzed the BM of d7 TBI mice. Interestingly, 
our data on CDPs indicated that the relative frequencies 
were normal (Fig. 6H), overall frequencies were increased 
(Fig.  6I), and the absolute numbers (Fig.  6J) were aug-
mented in the BM of d7 TBI mice. However, the relative 
frequencies (Fig.  6K), overall frequencies (Fig.  6L), and 

Fig. 5 (See legend on previous page.)
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absolute numbers (Fig.  6M) remain normal in the BM 
of d7 TBI mice. These data demonstrate that TBI affects 
early differentiation program of DCs, especially at the 
stages of commitment to CDPs.

TBI suppresses reactive oxygen species production 
in DC‑subsets and progenitors
One of the hallmark features of secondary injury follow-
ing TBI is augmented levels of ROS and oxidative stress 
in innate immune cells, including microglia and mac-
rophages [33, 34]. Of note, ROS have been shown to 
play critical and decisive roles at the early differentiation 
stages of human and mouse DCs in the BM [35–39]. In 
an attempt to understand the molecular mechanisms that 

could contribute to altered DC differentiation at early and 
sub-chronic phases of TBI, we determined the expression 
levels of ROS in DC subsets and progenitors. Intriguingly, 
our analysis indicated reduced frequencies of  ROShigh 
and total intracellular ROS levels in cDCs of spleen on 
d1 and d3 after TBI (Fig. 7A, B). Further analysis of cDC 
subsets revealed a reduction in the frequency of  ROShigh 
splenic cDC1 subset from d1 TBI mice (Fig.  7C, D), 
and a decrease in both frequencies of  ROShigh and total 
intracellular ROS levels in splenic cDC2 subset from d1 
and d3 TBI mice (Fig.  7E, F). Consistently, analysis of 
 CD8−CD11b− immature cDCs exhibited reduced fre-
quencies of  ROShigh cells and total intracellular ROS lev-
els from d1 and d3 TBI mice (Fig. 7G, H). On the other 

Fig. 6 TBI affects early differentiation of DC progenitors in the BM. A FACS plots indicating frequencies of  Lin−c-Kit+  Flt3+CD115+ CDPs and 
 Lin−c-Kit+  Flt3+CD115− pDC progenitors in the BM of Sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Data are representative of two 
independent experiments. B–D Relative frequencies (B), overall frequencies (C) and absolute numbers (D) of  Lin−c-Kit+  Flt3+CD115+ CDPs in the 
BM of Sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Data are representative of two independent experiments. E–G Relative frequencies (E), 
overall frequencies (F) and absolute numbers (G) of  Lin−c-Kit+  Flt3+CD115− pDC progenitors in the BM of Sham (n = 4), d1-TBI (n = 5) and d3-TBI 
(n = 5) mice. Data are representative of two independent experiments. H–J Relative frequencies (H), overall frequencies (I) and absolute numbers (J) 
of CDPs in the BM of Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of two independent experiments. K–M Relative frequencies (K), 
overall frequencies (L) and absolute numbers (M) of pDC progenitors in the BM of Sham (n = 4) and d7-TBI (n = 5) mice. Data are representative of 
two independent experiments. All data represent mean ± SEM. Mann–Whitney non-parametric tests and two-tailed student’s t tests were used to 
assess statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)
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hand, ROS levels in pDCs indicated normal frequencies 
of  ROShigh pDCs from d1 and d3 TBI mice and a reduc-
tion in total intracellular ROS levels in pDCs from d3 TBI 
mice (Fig.  7I, J). To assess the alterations in ROS levels 
in DC subsets at sub-chronic phase of TBI, we studied 
DCs from d7 TBI mice. Our data concluded that the total 
intracellular ROS levels were remarkably reduced in total 
cDC (Fig. 7K), cDC1 (Fig. 7L), cDC2 (Fig. 7M), immature 
cDC (Fig. 7N) and pDC (Fig. 7O) subsets from the spleen 
of d7 TBI mice. Finally, we determined if ROS levels are 
altered at the early development stages of DCs following 
TBI. Analysis indicated that both frequencies of  ROShigh 
CDPs and total intracellular ROS levels in CDPs were 
reduced in the BM of d1 and d3 TBI mice (Fig.  7P). In 
essence, these data established that the intracellular ROS 
levels were reduced in DC progenitors and differentiated 
DCs at both early and sub-chronic phases of TBI.

Discussion
Mounting evidence established that TBI affects organs 
outside the CNS. Mirzayan et  al. reported that TBI 
causes augmented migration and infiltration of immune 
cells to peripheral organs, such as lungs and liver, which 
eventually led to histopathological changes and vari-
ous degrees of organ dysfunction [40]. Interestingly, 
their study concluded that the composition of spleen 
and kidney were not altered in response to TBI. On the 
other hand, a series of studies established that peripheral 
immune cells play a critical role in the overall pathology 
after brain injury. Indeed, splenectomy in rats imme-
diately after TBI resulted in decreased expression of 
pro-inflammatory cytokines, mortality rate, improved 

cognitive function [41] and attenuated neurodegenera-
tion and CCL20 chemokine expression in the brain [18]. 
Most of the peripheral innate immune cells, including 
neutrophils, monocytes and macrophages, are believed 
to respond at the early phase and decline within few days 
after TBI [42]. Intriguingly, our present data suggest that 
peripheral DC composition and numbers are altered 
within 24 h of TBI and exhibited sustained changes even 
after 7 days of TBI. However, it is unclear, at present, if 
peripheral DCs migrate to the injured site in the brain 
and participate in inflammation and neurodegeneration. 
Future studies with an in-depth focus on identifying the 
involvement of DCs in neuroinflammation and patho-
physiology of CNS would be essential.

Emerging studies have unequivocally established the 
contribution of oxidative stress to secondary injury in 
TBI pathology, including development of cerebral edema, 
inflammation, and the secondary neuronal damage found 
post-TBI. Disrupted blood flow after TBI leads to cer-
ebral hypoxia or ischemia with the consequent decrease 
of oxygen and glucose supply to the CNS [43]. In addi-
tion, mitochondrial dysfunction caused by TBI results 
in marked accumulation of ROS in the brain [44]. In 
sharp contrast, our studies identified that ROS levels 
were rather diminished in both differentiated DCs and 
DC subsets at acute and sub-chronic phases of TBI. In 
keeping with our findings, neutrophil ROS production 
in patients with moderate or severe TBI was signifi-
cantly lower than that of healthy age- and sex-matched 
individuals [42]. Given the importance of ROS in the dif-
ferentiation and functional integrity of DCs [35–39], we 
speculate that alterations in the intracellular levels of ROS 

Fig. 7 TBI results in diminished levels of ROS in DC subsets and Progenitors. A Histograms indicating intracellular ROS levels in  CD11c+CII+ splenic 
cDCs from sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Shown were the frequencies of  ROShigh cells under the indicated gates. Cells treated 
with DMSO served as negative controls. B Frequencies of gated  ROShigh  CD11c+CII+ splenic cDCs (top) and total intracellular ROS levels (GMFI) 
in  CD11c+CII+ splenic cDCs (bottom) from sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. C Histograms indicating intracellular ROS levels in 
 CD8+CD11b−CD11c+CII+ splenic cDC1 subset from sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Shown were the frequencies of  ROShigh 
cells under the indicated gates. Cells treated with DMSO served as negative controls. D Frequencies of gated  ROShigh  CD8+CD11b−CD11c+CII+ 
splenic cDC1 subset (top) and total intracellular ROS levels (GMFI) in  CD8+CD11b−CD11c+CII+ splenic cDC1 subset (bottom) from sham (n = 4), 
d1-TBI (n = 5) and d3-TBI (n = 5) mice. E Histograms indicating intracellular ROS levels in  CD8−CD11b+CD11c+CII+ splenic cDC2 subset from 
sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Shown were the frequencies of  ROShigh cells under the indicated gates. Cells treated with 
DMSO served as negative controls. F Frequencies of gated  ROShigh  CD8−CD11b+CD11c+CII+ splenic cDC2 (top) and total intracellular ROS levels 
(GMFI) in  CD8−CD11b+CD11c+CII+ splenic cDC2 (bottom) from sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. G Histograms indicating 
intracellular ROS levels in  CD8−CD11b−CD11c+CII+ splenic immature cDCs from sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Shown were 
the frequencies of  ROShigh cells under the indicated gates. Cells treated with DMSO served as negative controls. H Frequencies of gated  ROShigh 
 CD8−CD11b−CD11c+CII+ splenic immature cDCs (top) and total intracellular ROS levels (GMFI) in  CD8−CD11b−CD11c+CII+ splenic immature cDCs 
(bottom) from sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. I Histograms indicating intracellular ROS levels in  PDCA1+CD11c+ splenic pDCs 
from sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Shown were the frequencies of  ROShigh cells under the indicated gates. Cells treated with 
DMSO served as negative controls. J Frequencies of gated  ROShigh  PDCA1+CD11c+ splenic pDCs (top) and total intracellular ROS levels (GMFI) in 
 PDCA1+CD11c+ splenic pDCs (bottom) from sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. K–O Histograms indicating intracellular ROS levels 
(GMFI) in total cDCs (K), cDC1 (L), cDC2 (M), immature cDCs (N) and pDCs (O) of the spleen from sham (n = 5) and d7-TBI (n = 5) mice. P Frequencies 
of gated  ROShigh  Lin−c-Kit+  Flt3+CD115+ CDPs (left) and total intracellular ROS levels (GMFI) in  Lin−c-Kit+  Flt3+CD115+ CDPs (right) of the BM of 
Sham (n = 4), d1-TBI (n = 5) and d3-TBI (n = 5) mice. Data are representative of two independent experiments. All data represent mean ± SEM. 
Mann–Whitney non-parametric tests and two-tailed student’s t tests were used to assess statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001)

(See figure on next page.)
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might be, at least partially, responsible for DC alterations 
in peripheral organs after TBI. Furthermore, TBI results 
in elevated systemic levels of proinflammatory cytokines 
including TNFα, IL1β and IL6 [45–48]. We [24–27, 
49], as well as others, have demonstrated that exagger-
ated systemic levels of inflammatory cytokines, such as 
TNFα, IL1β, IFNα, IFNγ, and IL6, affects early differen-
tiation of immune cells [50–52]. Of note, increased sys-
temic levels of proinflammatory cytokines suppress DC 

differentiation program of HSCs within the BM. There-
fore, based on the current knowledge, we believe that 
the DC differentiation defects after TBI are caused by 
deregulated ROS levels and/or augmented signaling by 
proinflammatory cytokines in HSCs. Further studies will 
be needed to establish the precise mechanisms through 
which TBI alters DC development and functions.

DCs are regarded as the most professional antigen pre-
senting cells and indispensable in initiating T-, B- and 

Fig. 7 (See legend on previous page.)
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NK-cell-mediated adaptive immune responses against 
viral, fungal and bacterial infections [9–12]. In particu-
lar, DCs are essential to provide immunity against lung 
infections, including viral and bacterial pneumonia [28, 
53–57]. A recent study reported rapid maturation of 
DCs, possibly due to increased phosphorylation of Flt3 
receptor, metabolic activity, protein synthesis, lysosomal 
activity, and inflammatory properties within few hours of 
TBI [58]. On the other hand, data from this current study 
document that TBI directly affects the pool and compo-
sition of DCs in almost all lymphoid and non-lymphoid 
organs, including lungs at early and sub-chronic phases 
of TBI. These altered frequencies and numbers of cDC1, 
cDC2 and pDCs subsets in each tissue may be, at least 
in part, responsible for the immune dysfunction caused 
by TBI. More importantly, our analyses concluded that 
TBI affects the immunogenicity of DCs, such as altered 
surface expression of MHC CI and CII proteins and co-
stimulatory molecules—CD80 and CD86, which may 
eventually lead to defective functions of DCs.

Infections are a leading cause of morbidity and mortal-
ity in patients with acute CNS injury, such as TBI, stroke 
and spinal cord injury [19–21, 59]. Indeed, there exists a 
direct correlation between infections and poorer clini-
cal outcomes overall [60]. More importantly, infections 
were found to be the key driver of ~ 19% of mortality in 
TBI patients, that survived at least 1 year after TBI [61]. 
Mounting evidences indicate that nosocomial infec-
tions (following TBI) are major contributors of not only 
to mortality, but also inducers of deleterious long-term 
consequences in patients [62]. Furthermore, infections 
acquired after TBI may trigger pathophysiological seque-
lae and exacerbate neurodegeneration [63, 64], intrac-
ranial hypertension and an associated need for longer 
duration on mechanical ventilation [65–69]. Indeed, sur-
vivors of brain trauma are 2.3–4.3 times more likely to 
die than general population, with increased risk of death 
from pneumonia or sepsis [61]. Recent studies indicated 
that up to 75% of severe TBI patients have been reported 
to develop sepsis, that itself is linked to high rates of 
morbidity, cognitive impairment, anxiety and depres-
sion, mediated multi-organ failure [70]. Post-traumatic 
immune insults are life-threatening complications in 
patients with moderate–severe TBI and observed in up 
to 55% of patients [70]. The most common nosocomial 
infections in TBI patients include, pneumonia/lower res-
piratory tract infections, urinary tract infections and sur-
gical site infections [19, 20, 70–72].

While the detrimental consequences of viral and bac-
terial infections in TBI patients have been unequivocally 
established, pathophysiological mechanisms responsi-
ble for high susceptibility to immune insults and noso-
comial infections in TBI patients remain unclear. Data 

from the current study, for the first time, identified that 
DC-development and functions are diminished after TBI. 
Based on the functional significance of DCs in initiating 
B and T cell responses against infections, it is tempting 
to speculate that reduced DC-mediated immunity might 
be responsible for immunodeficiencies observed in TBI 
patients. More importantly, our studies demonstrate 
that TBI causes a differential impact among DC (cDC1 
vs. cDC2 vs. pDC) subsets. Given the functional diversi-
ties and physiological relevance of cDC1, cDC2 and pDC 
subsets in generating immunity against bacterial, viral, 
and fungal infections, it would be of major clinical signifi-
cance to study DC physiology in TBI patients, especially 
in individuals with immune insults. A clearer under-
standing on the precise mechanisms through which TBI 
suppress DCs would be helpful in restoring DC functions 
in TBI patients. Our studies would be useful in designing 
DC-based novel therapeutic strategies toward treatment 
of patients suffering from TBI.

Conclusions
Our data demonstrate, for the first time, that TBI affects 
the distribution pattern of DCs and induces an imbalance 
among DC subsets in both lymphoid and non-lymphoid 
organs. In addition, the current study demonstrates that 
TBI results in reduced levels of ROS in DCs at both 
acute and sub-chronic phases of TBI, which may explain 
altered DC differentiation paradigm following TBI. A 
deeper understanding on the molecular mechanisms that 
contribute to DC defects following TBI would be essen-
tial and beneficial in treating infections in patients with 
acute CNS injuries, such as TBI, stroke and spinal cord 
injury.
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