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A B S T R A C T

Antiviral immunity is severely compromised following trauma to the central nervous system. In mice with
chronic spinal cord injury (SCI), primary infection with influenza virus leads to high mortality rates due to
impaired expansion of virus-specific CD8 T cells. One strategy to increase resistance to viral infections is to
generate memory immune cells that protect from recurrent infections. However, it is unknown if chronic SCI also
impairs secondary immune responses to influenza challenge as it does primary responses. Here, we used a mouse
model of chronic SCI and a clinically relevant influenza A infection to investigate CD8 T cell response. As shown
previously, chronic SCI mice had impaired primary antiviral responses with high mortality rates and decreased
expansion of virus-specific CD8 T cells following intranasal infection. To investigate CD8 T cell memory, we used
two strains of influenza A virus [PR8(H1N1) and X31(H3N2)] that share internal proteins but differ in surface
antigens. Chronic SCI mice immunized with live X31 were able to generate memory CD8 T cells that secreted
IFNγ upon stimulation with viral peptides ex vivo, which was comparable to immunized uninjured mice.
Importantly, immunization prior to challenge with a lethal dose of PR8 resulted in no mortality and significant
CD8 T cell recall responses in both uninjured and chronic SCI mice. In addition, memory CD8 T cells generated
before SCI remained functional up to 8 weeks after injury. These pre-existing memory CD8 T cells provided full
protection from lethal PR8 challenge given at the chronic timepoint following injury. Overall, this study shows
that memory CD8 T cells generated either before or after chronic SCI still remain functional. These results
highlight the need for proper immunization of SCI patients and show the potential of memory T cells to confer
protection against not only influenza, but other viral infections as well.

1. Introduction

Yearly outbreaks of influenza A virus (IAV) are a continuous threat
for immune compromised individuals, including individuals suffering
from neurological disorders. Trauma to the central nervous system
(CNS), including the spinal cord, leads to compromised neuro-immune
communication and impaired immune responses to infections like in-
fluenza. Impaired immune function and its associated increased sus-
ceptibility to infections after CNS injury is known as “CNS Injury-
Induced Immuno-depression” (CIDS) (Meisel et al., 2005). CIDS is a
major concern after spinal cord injury (SCI). For instance, patients
living with chronic SCI are at greater risk of serious life-threatening
complications from IAV. Moreover, respiratory infections are the
leading cause of re-hospitalization and mortality in SCI patients
(Cardenas et al., 2004; Smith et al., 2007; Soden et al., 2000). There-
fore, yearly outbreaks of IAV is of particular concern for SCI patients
living with chronic injury throughout their life.

IAV, also known as the flu virus, is a major respiratory pathogen
that is highly contagious and causes widespread outbreaks and disease.
In immunocompetent individuals, IAV infection is cleared by humoral
and cellular immune responses. B cells make antibodies that neutralize
surface antigens to prevent infection and spreading of the virus between
infected cells (Subbarao and Joseph, 2007). IAV expresses surface
proteins hemagglutinin (HA) and neuraminidase (NA) of various sub-
types. These surface proteins undergo frequent mutations and re-
assortments, therefore immunizations that promote induction of neu-
tralizing antibodies do not provide optimal protection from subsequent
infections (Schmidt and Varga, 2018). Cytotoxic CD8 T cells recognize
internal peptides that are presented in MHC complexes by infected cells
(Subbarao and Joseph, 2007). This antigen-specific CD8 T cell response
is critical in mediating viral clearance after infection (Schmidt and
Varga, 2018). Internal peptides nucleoprotein (NP) and polymerase
(PA) recognized by CD8 T cells are highly conserved between IAV
strains (Altenburg et al., 2015). Therefore, primary CD8 T cell
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responses to IAV leads to formation of long-lived memory CD8 T cells
that provide protection from not only reinfection but also subsequent
infections from heterologous strains. SCI patients live for years fol-
lowing their injury and continue to be at risk of recurrent infections,
thus it is essential to provide optimal immunization strategies to protect
this vulnerable population from IAV.

Using mouse models, we recently reported deficits in CD8 T cell
responses to viral infection in mice with both acute and chronic SCI
(Bracchi-Ricard et al., 2016; Norden et al., 2018). Following infection
with influenza virus X31, chronically injured mice had impaired viral
clearance and increased mortality compared to uninjured controls.
Importantly, the increased mortality was associated with impaired
generation and effector function of virus specific CD8 T cells (Bracchi-
Ricard et al., 2016). While these data show impaired primary CD8 T cell
responses to influenza infection, it is unknown if secondary memory
responses are impaired as well.

The goal of this study was to investigate the effect of chronic SCI on
the CD8 T cell memory response to virus infection. We used a model of
chronic SCI to mimic chronic immune depression as it would occur in
patients and two strains of influenza A virus [PR8(H1N1) and
X31(H3N2)] that share internal proteins but differ in surface antigens.
In our previous report, we showed that immunization with inactivated
X31 protected against homologous challenge but was not sufficient to
induce protection from heterologous challenge with PR8. Vaccination
with inactivated virus is designed to generate protection through neu-
tralizing antibodies (Kirchenbaum and Ross, 2014), therefore, im-
munization with inactivated X31 was unlikely to induce protection
from PR8 as the two viruses express different surface antigens. Here, we
used an immunization paradigm where mice were immunized with a
low dose of live X31 and then challenged with PR8 to investigate im-
munization strategies and the function of memory CD8 T cells in detail.
This strategy allows for viral infection and intracellular processing
which induces an active CD8 T cell response. Our findings indicate that
memory CD8 T cell recall responses are not impaired following SCI.
Immunization with live virus either before or after SCI provided com-
plete protection from lethal challenge with a heterologous strain, in-
dicating that CD8 memory T cell function remains intact following SCI.
This study has board clinical implications for SCI patients that are at
risk of complications from not only influenza, but also other viral or
bacterial infections.

2. Materials and methods

2.1. Mice and spinal cord injury

Experiments were conducted in accordance with Drexel University
Institutional Laboratory Animal Care and Use Committee (IACUC).
Adult (10 weeks old) female C57BL/6J wild-type (WT) mice were ob-
tained from Jackson Laboratories. Contusion of the spinal cord was
performed as previously described (Bracchi-Ricard et al., 2016). In
brief, mice were anesthetized with a ketamine (100mg/kg)-xylazine
(10mg/kg) cocktail. Using aseptic techniques, mice were subjected to
laminectomy and subsequent contusion injury at thoracic level T9 using
the Infinite Horizon Impactor (Precision Systems and Instrumentation)
at a predetermined force of 70 kDynes. Mice were sutured and injected
subcutaneously with 2-mL Lactated Ringer's solution to prevent dehy-
dration and gentamicin (5mg/kg) to prevent urinary tract infection.
During recovery, mice received antibiotics and saline for 5 days and
bladders were manually expressed twice per day (Hoschouer et al.,
2010).

2.2. Influenza virus infection, immunization, and challenge

To mimic clinically relevant respiratory infections in SCI patients,
nasal application of influenza virus was used. Influenza virus subtype
A/HKx31 (HKx31, H3N2) (Charles River) and A-Puerto Rico/8/34

(PR8, H1N1) were used for these studies. PR8 expresses the surface
protein hemagglutinin (HA) and neuraminidase (NA) of H1N1 subtype,
whereas the reasserted X31 virus expresses the H3N2 surface protein of
A/Hong Kong/1/1968 on the background of PR8 (Bouvier and Lowen,
2010; Kilbourne, 1969). PR8 and X31 have six identical internal pro-
teins, including nucleoprotein (NP) and polymerase acidic protein (PA),
which can be specifically recognized by CD8 T cells (Bouvier and
Lowen, 2010; Kilbourne, 1969). For primary infection studies, chroni-
cally injured (7 weeks post SCI) mice were anesthetized as described
above and inoculated intranasally (i.n.) with 5 hemagglutination unit
(HAU) X31 in 20 μL sterile saline. For immunizations with X31, mice
were inoculated i.n with 0.25 HAU X31. This dose was chosen because
uninjured mice lost minimal weight while still mounting an efficient
CD8 T cell response. For challenges, immunized injured and uninjured
and non-immunized naïve mice were inoculated i.n with 1 HAU PR8.
This dose was chosen because it resulted in 100% mortality in non-
immunized mice. Mice were monitored daily up to 2 weeks for weight
loss and euthanized if their body weight (BW) loss exceeded 25%.

2.3. Cell preparation

Mice were sacrificed by CO2 asphyxiation followed by cervical
dislocation and spleen and lungs were aseptically removed. Spleens
were homogenized using the plunger of a 3mL syringe (Becton
Dickinson) through a 100 μm strainer and washed with RPMI-1640
medium (GenDEPOT). Lungs were minced using sterile scissors and
digested in 5mL RPMI containing 3mg/mL Collagenase A (Sigma) and
0.15mg/mL DNase I (Sigma) at 37 °C for 1 h. Digested lungs were
homogenized using the plunger of a 3mL syringe (Becton Dickinson)
and filtered through a 40 μm strainer (EZFlow Cell Strainer, Foxx Life
Sciences). Red blood cells were lysed using 0.83% ammonium chloride.
Cells were washed and resuspended with complete RPMI (RPMI 1640,
5% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin). The number of
live cells was determined by trypan blue (0.4%) exclusion staining and
absolute number of cell populations was calculated based on total
number of cells after FACS.

2.4. Ex vivo treatments and peptide stimulation

Following virus infection, splenocytes and leukocytes from lungs
were isolated and counted as above. Cells (106 cells) were cultured with
influenza viral peptides Db-PA224–233 or Db-NP366–374 (0.001mg/mL)
(AnaSpec) in the presence of IL-2 (50 U/mL) and GolgiStop for 4 h. Cells
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Fig. 1. Decreased survival of chronic SCI following primary infection.
Uninjured naïve (Uninj.) or SCI mice (7 weeks after injury) were infected i.n.
with 5 HAU X31. Body weight loss and mortality were monitored for 14 days.
Data represent 12 mice per group. ⁎p < 0.04.
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were then stained for surface markers and intracellular cytokines.

2.5. Flow cytometry

Cellular responses and the magnitude of the virus-specific CD8 T cell
responses were analyzed by flow cytometry. Cell suspension aliquots
were washed with staining buffer (1× PBS, 1% BSA) and stained for the

following surface markers: CD8, CD4, B220, NK1.1, CD11b, CD11c,
Ly6G, Ly6C, MHCII, CD44, and CD62L from BD Pharmingen or
eBioscience. Virus-specific CD8 T cells were quantified using tetramers.
H– 2Db-PA224–233 and H– 2Db-NP366–374 tetramers were obtained from
NIAID MHC Tetramer Core Facility (Atlanta, GA). For surface anti-
bodies and tetramer labeling, cells were incubated for 30min at 4 °C
and then washed and fixed using 1% paraformaldehyde. Intracellular
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Fig. 2. Impaired primary CD8 T cell response to flu
infection in chronic SCI mice. Uninjured naïve
(Uninj.) or chronic SCI mice were infected i.n. with 5
HAU X31. Lungs were collected 7 days after infec-
tion and the percentage of CD8 T cells was de-
termined (A). (B) Representative dot plots of NP and
PA tetramer staining. Cells were gated for CD8+ T
cells. The percentage (C) and absolute number (D) of
NP and PA tetramer positive CD8 T cells in the lung
were determined. In the spleen, percentage of total
CD8 T cells (E) and proportion of effector CD8 T
cells (F) was determined. The percentage (G) and
absolute number (H) of NP and PA tetramer positive
CD8 T cells in the spleen were determined. Data
represent 5 mice per group. ⁎p < 0.05.
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staining for IFNγ was performed using the Cytofix/Cytoperm kit (BD
Pharmingen). Foxp3 intracellular staining was performed using the
mouse Foxp3 buffer set (BD Pharmingen) according to the manufac-
ture's protocol. Cells were analyzed using a FACSCanto (Becton
Dickinson) and data was analyzed using FlowJo software v10 (FlowJo,
LLC). The results were analyzed by an observer who was blinded to the
experimental groups.

2.6. Statistics

Group comparisons were analyzed using one-way ANOVA with
Tukey's post hoc testing or Student's unpaired t-test when appropriate
(IBM SPSS). Comparison of survival curves was performed using the

log-rank test. Means and standard error of the mean (SEM) are reported
throughout. Significance is set at p < 0.05.

3. Results

3.1. Decreased survival of chronic SCI mice following primary infection

To assess the primary response to influenza infection, mice were
challenged i.n. with a high dose of influenza virus (X31) 7 weeks after
T9 SCI and monitored for body weight loss and survival (mortality
at< 25% BW loss). Here, the day of infection was used as the baseline
for determining weight loss. It is important to note that SCI mice did not
have reduced weight 7 weeks after injury compared to the uninjured
mice. Following infection, injured mice had overall increased mortality
(p < 0.04) (Fig. 1), consistent with our previous study (Bracchi-Ricard
et al., 2016). Mortality was observed in 29% of uninjured mice, while
73% of injured mice succumbed to this high dose primary infection.

The cellular response was analyzed in a subset of the mice chosen at
random at the peak of infection (day 7) to assess impaired functions
that contribute to the increased mortality. We have previously shown
decreased CD8 T cell activation and generation of specific CD8 T cells in
the spleen following viral infection in SCI mice (Bracchi-Ricard et al.,
2016). Here, we determined infiltration of CD8 T cells into the lungs
which is the target tissue of viral replication following intranasal
challenge. In both uninjured and injured mice, there was robust CD8 T
cell recruitment to the lungs, and there was a trend for decreased re-
cruitment in the injured mice (p=0.056) (Fig. 2A). Importantly, SCI
mice had attenuated generation of virus-specific NP+, PA+ CD8 T cells
in the lungs (p < 0.05) (Fig. 2B,C). Moreover, the absolute number of
NP+- and PA+- CD8 T cells was drastically decreased in injured mice
compared to uninjured mice (NP: p < 0.03, PA: p < 0.02; Fig. 2D).
Overall, these data show an impaired primary CD8 T cell response with
diminished accumulation of virus-specific CD8 T cells in the lung of SCI
mice following influenza infection.

We also analyzed the CD8 T cell response in the spleen, as CD8 T
cells can be primed in lymphoid tissues, including the spleen (Turner
et al., 2013), before potentially infiltrating the lung. There was a de-
crease in the percent of total CD8 T cells in the spleen of uninjured mice
(p < 0.05), but no change in SCI mice (Fig. 2E). After infection, un-
injured mice had a large expansion of effector CD8 T cells (CD62low/
CD44high) while these cells were significantly decreased in injured mice
(p < 0.01) (Fig. 2F). Similar to the lung, the generation of specific CD8
T cells was attenuated in the spleen of injured mice. Both the percen-
tage (p < 0.01) and absolute number (p < 0.03) of specific CD8 T
cells in the spleen were decreased in SCI mice compared to uninjured
mice (Fig. 2G–H). Overall, these data show that generation of specific
effector CD8 T cells is impaired in the spleen after chronic SCI.

3.2. Altered profile of immune cells in lung and spleen of chronic SCI mice

SCI induces massive inflammation locally and systemically (Sun
et al., 2016) acutely after injury. While much of the inflammation
subsides through time, some of these inflammatory changes remain,
leading to chronic inflammation following injury (Brennan and
Popovich, 2018). To evaluate possible SCI-induced changes in the im-
mune system that could impair the response to virus, lung lymphocytes
and splenocytes were profiled 7 weeks after injury (before influenza
challenge). As shown in Fig. 3A, there was no change in the number of
CD8 T cells, CD4 T cells, or NK cells in the lung following SCI. However,
significantly increased accumulation of B cells (p < 0.04), neutrophils
(p < 0.01), and macrophages (p < 0.01) was observed in the lung of
SCI mice.

Previous studies have reported significant splenic atrophy following
high-thoracic SCI (Lucin et al., 2007; Pruss et al., 2017; Zhang et al.,
2013). Here, there was no difference in immune cell numbers in the
spleen following chronic T9 SCI (Fig. 3B). Although there was no
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Fig. 3. Altered profile of immune cells in lung and spleen of chronic SCI mice.
Mice were naïve (uninj.) or received SCI and 7 weeks later lungs and spleen
were collected for immune cell analysis. (A) Lymphocyte counts in lung. (B)
Lymphocyte counts in spleen. Foxp3 expression in CD4 T cells was determined
in (C) lung and (D) spleen. Data represent 6 mice per group. ⁎p < 0.05.
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difference in cell counts, there were differences in the profiles of the
immune cells. For example, we have previously shown increased ex-
pression of inhibitory PD1 on CD8 T cells following chronic SCI (Zha
et al., 2014). Here, we characterized the proportion of regulatory T cells
(Tregs) following SCI. Injured mice had increased percentage of CD4 T
cells that were positive for intracellular Foxp3, indicating more Tregs
generated in both spleen and lung after SCI (p < 0.02) (Fig. 3C–D).

3.3. Increased weight loss, but functional CD8 T cell memory formation,
following immunization with a low dose of live virus in chronic SCI mice

Our data indicate an impaired CD8 T cell response and increased
mortality following primary immune challenge after SCI. These data
highlight the need for proper protection against influenza virus after
SCI. Therefore, we investigated the effectiveness of immunization in
protecting against secondary infections. Here, mice were immunized

i.n. with a low dose (0.25 HAU) of live virus (X31) to generate primary
and memory CD8 T cell responses. Functional CD8 T cell memory was
characterized following challenge with the heterologous influenza virus
PR8. In this scenario, protection will be mediated by CD8 T cells that
recognize both X31 and PR8 NP peptide (Crowe et al., 2006).

First, we determined the effectiveness of immunization that was
provided during chronic SCI (7–8weeks after injury) (Fig. 4). Chronic
SCI mice lost body weight (10%, p < 0.04) following immunization
while there was no body weight loss in uninjured mice. Immunization
successfully induced a CD8 T cell response in both uninjured and SCI
mice. There was a robust increase in NP- and PA- specific CD8 T cells in
the lung following immunization (Fig. 4B,C). However, similar to pri-
mary high dose infection, there was decreased specific CD8 T cells in
the lung of SCI mice (PA, p < 0.05) (Fig. 4C). Although there was no
mortality in SCI mice infected with a low dose of virus, these data show
increased sensitivity to low dose infection with weight loss and
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attenuated CD8 T cell responses following immunization.
Next, we evaluated generation and function of memory CD8 T cells

following immunization in SCI mice. Lungs were collected 30 days after
immunization and NP+-specific CD8 T cells were analyzed since these

cells are able to confer protection against secondary challenge (Crowe
et al., 2006). Surprisingly, there was no difference in the number of
NP+-CD8 T cells between uninjured and SCI mice 30 days after im-
munization (Fig. 5A). To analyze the function of these memory CD8 T
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cells, leukocytes from lung were cultured ex vivo with NP peptide and
IFNγ production was determined. Memory CD8 T cells from immunized
mice treated with NP peptide ex vivo had increased IFNγ expression and
there was no difference between uninjured and SCI mice (Fig. 5B). This
was an unexpected finding because we surmised that the attenuated
primary response would lead to decreased memory CD8 T cell forma-
tion. Therefore, we also analyzed memory CD8 T cell formation fol-
lowing high dose primary infection, when there is a drastic difference in
the primary CD8 T cell response (Fig. 2). Lungs from mice that survived
high primary infection were collected 30 days later. Similar to low dose
immunization, there was no difference in the number of NP+-CD8
memory T cells 30 days after high dose primary infection (Fig. 6).

These data indicate that injured mice are able to generate similar
memory CD8 T cell populations following immunization. Next, we in-
vestigated whether these antigen-specific memory cells were fully
functional and would protect against a heterologous challenge with
PR8. Immunized uninjured and injured mice were challenged with PR8
and expansion of resident NP+ memory CD8 T cells was determined
5 days later in the lung. There was a large expansion of specific CD8 T
cells following challenge in both uninjured and injured mice, with
27–30% of all CD8 T cells staining positive for NP tetramer (Fig. 5C).
There was no difference in either percentage or absolute number of
NP+-specific CD8 T cells in the lungs of uninjured and SCI mice
(Fig. 5C). Rapid expansion of NP+-CD8 T cells resulted in limited
weight loss following challenge. Immunized uninjured and SCI mice
lost 10–12% body weight maximum at day 6 and recovered back to
baseline (Fig. 5D). As a comparison, nonimmunized naïve mice con-
tinued to lose weight and were euthanized at day 8 (> 25% body
weight loss) (Fig. 5D). Thus, immunization with a low dose of X31
generated functional memory CD8 T cells that provided protection from
heterologous challenge with PR8. Both uninjured and SCI mice had
large expansion of NP+-specific CD8 T cells and limited weight loss
following challenge. These data demonstrate that SCI mice can generate
functional CD8 T cell memory comparable to uninjured mice.

3.4. Pre-existing CD8 T cell memory remains intact following chronic SCI

Our data show that CD8 T cell memory can be generated in mice
after SCI. However, SCI patients may have received numerous vacci-
nations through their life prior to injury. Therefore, we also in-
vestigated whether pre-existing memory CD8 T cells remain functional
following chronic SCI. Naïve mice were i.n. immunized with low dose
live X31. Primary CD8 T cell response and memory formation were
confirmed on days 7 and 30 post immunization, respectively. Following
memory formation, SCI was induced in half the mice. Presence of
memory CD8 T cells was determined 7weeks after injury (Fig. 7). NP+-
CD8 T cells remained in the lung of immunized mice (Fig. 7A). Similar
to immunization after injury, there was no difference in the number of
memory CD8 T cells between immunized uninjured and injured mice
(Fig. 7A). In addition, following ex vivo NP peptide stimulation there
was an equal number of IFNγ positive CD8 T cells with similar ex-
pression level (MFI) between uninjured and SCI mice (Fig. 7B). To
determine protection potential of memory CD8 T cells, mice were
challenged with PR8 virus. Significant expansion of specific NP+-CD8 T
cells was observed 5 days after challenge and there was no difference
between uninjured and SCI mice (Fig. 7C). These CD8 T cells provided
protection from the challenge, as there was limited weight loss and no
mortality in both immunized injured and uninjured mice (Fig. 7D).
Overall, these data show that pre-existing memory CD8 T cells remain
in the lung of SCI mice, and these cells are able to provide full pro-
tection from heterologous challenge.

4. Discussion

Spinal cord injury induced immune depression is a serious concern
for SCI patients. Infections are the leading cause of death in people
living with chronic SCI. These infections include respiratory infections
like pneumonia and influenza. Influenza is of particular significance as
there is a yearly outbreak and thus a reoccurring threat to SCI patients.
The CDC (2005) has included SCI as a high-risk condition, and has
recommended annual influenza immunization for the first time in his-
tory for this population (Goldstein et al., 2005). However, the me-
chanism by which SCI leads to impaired antiviral immunity remains
unclear and it is unknown whether immunizations are fully protective
and effective following injury. In this study, we used a mouse model of
chronic SCI and heterologous viral challenge system to directly evaluate
the protection mediated by CD8 memory T cells, as X31 and PR8 have
conserved internal, but different surface, peptides and thus there is no
protection mediated by antibodies.

Our data show that primary CD8 T cell responses were impaired
following chronic SCI. Here, we confirm increased mortality in chronic
SCI mice following high dose primary virus infection (Bracchi-Ricard
et al., 2016) and also show increased sensitivity (weight loss) following
low dose primary infection. Chronic SCI mice had attenuated recruit-
ment of total and specific CD8 T cells to the lung following infection. In
addition, there was decreased generation of specific CD8 T cells and
decreased expansion of effector (CD44highCD62Llow) CD8 T cells in the
spleen of infected SCI mice. The mechanisms leading to impaired CD8 T
cell response following SCI remain unknown but may be due to in-
creased activation of regulatory pathways. We previously showed up-
regulation of the PD-1/PD-L1 immunomodulatory pathway in the
spleen of injured mice (Zha et al., 2014). Here, we extend these findings
and show that SCI mice also have an increased proportion of Tregs in
both spleen and lung. These pathways are likely upregulated after SCI
to counteract the systemic inflammatory response to limit further
spread of inflammation at the injury site and also protect against au-
toimmunity (Sun et al., 2016). However, the PD-1/PD-L1 pathway and
Tregs can interfere with antiviral immunity. Therefore, it is possible
that the regulatory mechanisms set in motion following injury lead to
attenuated responses to influenza challenge. In addition, we report an
unbalanced immune profile of the lung following chronic SCI. SCI mice

CD44

N
P 

te
tr

am
er

0

1

2

3

4

0

0.5

1

1.5

2

Uninj. SCINaïve
Memory

#P
A

+ 
C

D
8 

T 
ce

lls
 

(x
10

^4
)

Uninj. SCINaïve
Memory

#N
P+

 C
D

8 
T 

ce
lls

 
(x

10
^4

)
Uninjured
Memory

SCI
MemoryNaïve

4.68%0.24% 4.39%

Fig. 6. Equal memory formation following primary infection at a high dose of
flu virus in SCI and uninjured mice. Mice were given SCI or left uninjured
(uninj.). After 7 weeks, mice were infected with 5 HAU X31. Number of
memory CD8 T cells were determined in the lung of mice that survived the
infection. Data represent 6 mice per group.

D.M. Norden, et al. Experimental Neurology 317 (2019) 298–307

304



had an accumulation of B cells, macrophages, and neutrophils in the
lung (before infection). This altered immune profile may inhibit proper
antiviral responses, e.g., neutrophils can decrease CD8 T cell activation
and proliferation (Coffelt et al., 2015; Leliefeld et al., 2015), and thus
the exaggerated neutrophil accumulation in SCI mice may potentially
impair viral clearance.

In contrast to primary CD8 T cell response, memory CD8 T cells
generated in uninjured and SCI mice were comparable, not only in
number but also in function. Following immunization with low dose

live X31 virus, SCI mice lost weight while there was no weight loss in
uninjured mice. Injured mice also had an attenuated primary CD8 T cell
response to the immunization with decreased expansion of specific CD8
T cells at 7 days post immunization. These data show an increased
“sensitivity” to primary infection in SCI mice; this low dose of virus did
not result in observed pathological changes in uninjured mice, while
SCI mice lost significant weight. Given the differential primary response
to immunization, we predicted that SCI mice would have attenuated
number of memory CD8 T cells generated. However, this was not the
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case as there was no difference in the number of memory CD8 T cells in
the lung or spleen of uninjured and SCI mice 30 days after immuniza-
tion. In addition, there was no difference in the number of memory CD8
T cells generated from a high dose primary challenge when the effector
CD8 T cell response was drastically different. Most importantly,
memory CD8 T cells expanded equally in uninjured and injured mice
and provided full protection from lethal PR8 challenge in both groups.
In mice immunized before injury, pre-existing memory CD8 T cells will
receive significant input from inflammation caused by SCI and will be
exposed to an “SCI environment” for a longer duration compared to
memory CD8 T cells formed following injury. Therefore, we predicted
that pre-existing memory cells may be more affected by SCI compared
to those generated following injury. However, SCI mice immunized
with X31 before chronic injury were also fully protected from PR8
challenge and had similar weight loss and CD8 T cell expansion as
uninjured mice. Intranasal challenge with PR8 lead to rapid expansion
of memory CD8 T cells in the lung, while there was limited expansion of
memory CD8 T cells in the spleen suggesting that the recall response
was mainly mediated by resident memory CD8 T cells (Van Braeckel-
Budimir et al., 2018). Since intramuscular immunization with inactive
X31 does not sufficiently mediate protection from intranasal PR8
challenge (Bracchi-Ricard et al., 2016), immunization strategies that
fully engage the CD8 T cell response are necessary to provide protection
from heterologous challenge during chronic SCI.

Our finding of comparable number of memory CD8 T cells gener-
ated after a differential primary response between SCI and uninjured
mice is surprising. After viral clearance, effector cells undergo apoptosis
(contraction) or differentiate into memory cells (Wherry and Ahmed,
2004). The magnitude of effector cell expansion has been implicated in
the number of memory cells generated (Wherry et al., 2002). However,
in our model of SCI, we report similar generation of memory CD8 T
cells in injured mice despite decreased effector cell expansion. Similar
to our results, another study showed equal number and function of
memory CD8 T cells generated after low vs high doses of virus during
immunization (Wang et al., 2016), showing that different primary re-
sponses can still lead to comparable memory formation. A similar me-
chanism of regulating number of memory cells generated may occur in
our studies. In addition, it is possible that SCI mice have a continued or
delayed effector response compared to uninjured mice that leads to
high number of memory cells. Last, the mechanisms that determine
memory CD8 T cell formation and function may be similar between
uninjured and injured mice (e.g., IL-7 (Hand et al., 2007; Kaech et al.,
2003) and IL-15 (Richer et al., 2015; Schluns et al., 2002) signaling).

The differential effect of SCI on primary and memory CD8 T cell
function provides insight into the mechanisms of impaired CD8 re-
sponses following SCI. Why would SCI have an effect on primary, but
not memory, CD8 T cells? SCI leads to activation or disruption of both
the sympathetic nervous system and the hypothalamic-pituitary-
adrenal (HPA) axis. Previous studies have shown increased nor-
epinephrine and corticosterone during chronic SCI (Lucin et al., 2007;
Popovich et al., 2001; Zha et al., 2014; Zhang et al., 2013), both of
which have immunosuppressive effects (Coutinho and Chapman, 2011;
Lucin et al., 2007). Naïve CD8 T cells and memory CD8 T cells might
have differential expression or regulation of activation receptors, such
as glucocorticoid receptors, making naïve CD8 T cells more affected by
the SCI environment. Most likely, these differences can be explained by
differences in antigen presentation and activation signals. The activa-
tion process and signals needed to activate naïve vs memory CD8 T cells
are highly differentially regulated. Memory CD8 T cells respond quickly
to secondary activation and undergo rapid proliferation compared to
naïve CD8 T cells (Wherry and Ahmed, 2004). In addition, primary CD8
T responses to intranasal challenge may rely on both resident and re-
cruited CD8 T cells (Turner et al., 2013) whereas secondary responses
rely mainly on resident memory CD8 T cells (Van Braeckel-Budimir
et al., 2018). Following primary infection, there was decreased gen-
eration of specific CD8 T cells in both spleen and lung. Following recall

challenge, however, the main expansion of memory CD8 T cells oc-
curred in the lung with limited expansion in the spleen. Mid-thoracic
SCI disrupts sympathetic regulation in the spleen (Zha et al., 2014)
which may partially explain why resident memory CD8 T cells located
in the lung are less influenced by the injury. Our data are also similar to
previous studies of humoral immunity. During chronic SCI, primary B
cell responses are impaired while B cell memory remains intact
(Bracchi-Ricard et al., 2016; Oropallo et al., 2012), which may suggest
that B cell responses are likewise affected by the injury.

In summary, our study shows impaired CD8 T cell antiviral re-
sponses to primary influenza virus infection following chronic SCI.
However, memory CD8 T cell formation and function were not affected
in SCI mice. This has significant clinical implications for SCI patients as
cross-reactive memory T cells that are targeted to conserved internal
proteins of influenza virus can provide cross protection between two
different strains (Rimmelzwaan et al., 2007). In addition, our findings
highlight the necessity of proper immunizations in SCI patients. Current
standards for immunizations use trivalent inactivated influenza vac-
cines that aim to induce antibody responses against HA and NA. As
mentioned, these vaccines are inefficient at inducing virus-specific CD8
T cell responses (He et al., 2006). Our findings indicate that im-
munizations that engage CD8 T cell responses are protective during
chronic SCI. Therefore, SCI patients could benefit from live-attenuated
influenza vaccines. Last, our results point to differential roles of the
central nervous system in regulating primary vs secondary CD8 T cell
immunity. Future studies investigating the differential effect of SCI on
primary vs secondary responses will uncover mechanisms leading to
immune depression following CNS trauma.
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