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Age-related impairment of humoral 
response to influenza is associated 
with changes in antigen specific T 
follicular helper cell responses
Julie S Lefebvre1,*,†, April R Masters2,*, Jacob W Hopkins2 & Laura Haynes1,‡

T follicular helper (TFH) cell responses are essential for generation of protective humoral immunity 
during influenza infection. Aging has a profound impact on CD4+ T cell function and humoral immunity, 
yet the impact of aging on antigen specific TFH responses remains unclear. Influenza specific TFH cells 
are generated in similar numbers in young and aged animals during infection, but TFH cells from aged 
mice exhibit significant differences, including reduced expression of ICOS and elevated production of 
IL-10 and IFNγ, which potentially impairs interaction with cognate B cells. Also, more influenza specific 
T cells in aged mice have a regulatory phenotype, which could contribute to the impaired TFH function. 
Adoptive transfer studies with young T cells demonstrated that TGF-β1 in the aged environment can 
drive increased regulatory T cell accumulation. Aging and the aged environment thus impact antigen 
specific TFH cell function and formation, which contribute to reduced protective humoral responses.

Aging is associated with a dramatic decline in immunity including production of high affinity neutralizing anti-
bodies1, which leads to increased susceptibility to clinically relevant pathogens such as influenza. High affinity 
antibodies are generated by B cells selected in germinal centers (GC) and GC formation is dependent upon the 
proper function of T follicular helper (TFH) cells2–5. Following initial activation, naïve CD4+ T cells progress 
through several well defined steps to become functional TFH cells in GCs6,7. First, pre-TFH cells up-regulate the B 
cell follicle homing chemokine receptor CXCR5 and the transcriptional repressor B cell lymphoma 6 (Bcl6). These 
cells also produce IL-4 and IL-21, key cytokines of B cell activation. This first stage is the result of T-dendritic 
cell (DC) interactions and is independent of B cells8. The activated T cells then progress toward a fully differen-
tiated TFH cell state characterized by the expression of numerous markers including the inhibitory receptor pro-
grammed death (PD)-1, the co-stimulatory molecules inducible T-cell costimulator (ICOS) and OX40, along with 
the adaptor protein signaling lymphocytic activation molecule (SLAM)-associated protein (SAP)9. These mole-
cules facilitate efficient T-B interactions, which are essential for GC formation. Deficiencies in ICOS8,10 or SAP11,12 
result in reduced TFH cell generation and/or reduced GC formation. These interactions with B cells induce the 
further differentiation of TFH cells into GC TFH cells, which are identifiable through the sustained expression of 
GL7 Akiba et al.10,13–15. Importantly, how aging impacts the stages of TFH cell generation and differentiation is yet 
to be determined.

The presence of functional defects in aged CD4+ T cells is now well-established16. We demonstrated that 
aged CD4+ T cells exhibit impaired upregulation of CD15417, suggesting that reduced B cell activation and 
humoral responses observed in aged mice could result from improper T-B interactions. Differentiation of young 
CD4+ T cells into TFH effectors cells was also significantly reduced when these cells were transferred into aged 
hosts18, suggesting that the aged environment is unable to sustain TFH cell differentiation. These observations 
were made in adoptive transfer models using T cell receptor (TCR) transgenic CD4+ T cells. Whether endoge-
nous antigen-specific aged CD4+ T cells have the ability to acquire a TFH cell phenotype and/or whether endog-
enous aged TFH cells have functional defects during infection remains unclear. A recent study using an OVA 
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immunization model showed that aged mice have more TFH than young mice but aged TFH were less functional 
using in vitro assays19. This study did not track antigen specific responses in vivo, and did not thoroughly define 
the TFH maturation status. Moreover, the capacity of aged mice to mount an antigen-specific CD4+ T cell response 
equivalent to that of young mice and whether it correlates with an antigen-specific B cell response remains to be 
investigated. Indeed, these are important points and only when they are fully addressed can we begin to under-
stand the age-related defects in humoral immunity and, more importantly, how they can be overcome.

Here, we have employed reagents that allow us to follow the responses of endogenous influenza nucleoprotein 
(NP)-specific CD4+ T and B cells in young and aged mice. Studying endogenous antigen specific responses to 
infection is critical to understanding the full scope of immunological defects that occur with age. This has allowed 
us to determine specific defects in responding TFH cells in aged mice and their impact on humoral responses.

Results
Impaired humoral response in aged mice following influenza infection.  One hallmark of aging 
is the inability to mount a strong humoral response. Aged mice infected with a sublethal dose (600 PFU) of 
influenza A H1N1 PR8 generated significantly lower titers of influenza-specific IgG (Fig. 1A) and neutralizing 
antibodies (Fig. 1B) compared to young. Generation of high-affinity antibodies is dependent upon formation of 
GCs, which can be impacted by age-related functional declines20. Thus, we sought to investigate the contribution 
of GCs to diminished formation of influenza-specific antibody titers in aged mice in this model.

GC B cells were identified as CD19+ PNAhi CD38lo cells (boxes in Fig. 1C). The kinetics of total (Fig. 1C,D) 
and NP-specific (Fig. 1I,J) GC B cell generation were similar for both young and aged mice, with the proportion 
and number peaking at 14 days post-infection (dpi). However, the amplitude of the response was significantly 
lower in aged compared to young mice. At 14 dpi, approximately 1% of total B cells acquired a GC B cell pheno-
type in aged mice compared to over 7% in young mice (Fig. 1C). This translated to a significantly lower number 
of total GC B cells produced in the spleens of aged compared to young mice (Fig. 1D).

Upon examination of the splenic GCs using confocal microscopy, there were clear morphological differences 
in young and aged mice (Fig. 1E). At the peak of the GC response (14 dpi), aged mice exhibited significantly 
fewer (Fig. 1F) and smaller GCs (Fig. 1G) compared to young mice. Importantly, there was a strong correlation 
between the number of splenic GCs and weight recovery at 14 dpi (Fig. 1H). Young and aged mice that generated 
more splenic germinal centers had increased weight recovery after influenza infection (Fig. 1H), indicating that 
rapid recovery from influenza infection is correlated with robust GC formation. The percentage of GC B cells 
that were specific for NP was slightly, but not significantly, lower in aged (22.7 ±  7.2%) compared to young mice 
(37.7 ±  3.9%, p =  0.104) (Fig. 1I) at 14 dpi, but the total number of NP+ GC B cells in aged mice was approxi-
mately ten fold lower than in young mice (Fig. 1J).

Despite age related declines in B cell function21, young polyclonal CD4+ T cells transferred into aged hosts 
can overcome the defects in GC B cell numbers normally found in aged mice at 14dpi. When aged mice were 
supplemented with young CD4+ T cells prior to infection (aged +  CD4 group), the number of total (Fig. 1K) and 
NP specific (Fig. 1L) GC B cells reaches that of the endogenous response of young mice (young group) at 14 dpi, 
emphasizing the importance of efficient CD4+ T cell help in the development of a robust B cell response. These 
results are in concordance with our previous finding that young TCR transgenic CD4+ T cells can overcome B 
cell defects in aged CD4 KO mice17. Thus, the remainder of this study was aimed at determining how age-related 
defects in the CD4+ T cell response contribute to the impaired humoral response in aged mice.

Aged influenza-specific CD4+ T cells differentiate into pre-TFH cells.  To determine how the 
antigen-specific CD4+ T cell response is affected by aging, we used a MHC Class II influenza nucleoprotein 
(NP)-specific tetramer to track cells in young and aged mice following infection. Figure 2A shows a representa-
tive gating strategy for phenotyping young (top row) and aged (bottom row) NP-specific CD4+ T cells 14 dpi. The 
kinetics and number of NP-specific CD4+ T cells accumulating in the spleen of young and aged mice following 
influenza infection were equivalent (Fig. 2B). Analysis of NP-specific CD4+ T cells showed that most (~70%) 
displayed a TFH cell phenotype (CXCR5hi PD-1hi) at 14 dpi (Fig. 2A, red boxes), but also at 7 and 21 dpi (data not 
shown). The numbers of NP-specific TFH cells were also equivalent in both young and aged mice at all time-points 
tested (Fig. 2C). Also of note, a higher percentage of NP-Tetneg CD44lo CD4+ T cells in aged mice express PD-1 
compared to young mice (Fig. 2A blue box), a feature characteristic of aging cells22,23. Total TFH responses did not 
follow the trend of the antigen-specific response, with aged mice having a higher frequency and number of TFH 
than young mice before infection, 7 dpi and 21 dpi (Supplemental Fig. 1). Young mice responded to influenza 
infection with an expansion of TFH that peaked at day 14 post infection (Supplemental Fig. 1). Aged mice had 
relatively stable TFH numbers and frequency through the infection (Supplemental Fig. 1), demonstrating that total 
response is not representative of the antigen-specific response occurring in aged mice.

To confirm the identity of the CXCR5hi PD-1hi NP-specific CD4+ T cells as TFH cells, we assessed their expres-
sion of Bcl6, the central driver of TFH cell differentiation24. Bcl6 expression in both young and aged NP-specific 
TFH cells was compared to the CXCR5lo PD-1lo CD4+ population (Fig. 2D). The Bcl6 mean fluorescence intensi-
ties (MFI) of young and aged NP-specific TFH cells were not significantly different (Fig. 2E). To further confirm 
that both young and aged NP-specific CD4+ T cells were differentiating into TFH cells, we assessed their ability 
to produce IL-4 and IL-21, cytokines produced by TFH cells that are important for GC generation. Due to the 
limitation in the number of markers that could be used at once for flow cytometry analyses, and since the great 
majority of the NP-specific CD4+ T cells displayed TFH characteristics (Fig. 1A), we considered that the splenic 
NP-specific CD4+ T cells were “TFH-committed” cells for the remainder of these studies. In agreement with the 
differentiation of CD4+ T cells to a TFH cell phenotype, both young and aged NP-specific CD4+ T cells produced 
IL-4 (Fig. 2F) and IL-21 (Fig. 2G) in similar proportions. Thus, our data demonstrate that age does not impair the 
ability of CD4+ T cells to differentiate into pre-TFH cells (CXCR5+ Bcl6+ CD4+ T cells)6. Since our previous data 
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Figure 1.  Reduced antibody production and GC development during influenza infection in aged mice.  
(A) Influenza-specific IgG titers, and (B) influenza-neutralizing antibody titers in young and aged mice infected 
with 600 PFU of PR8 at 0, 7, 14 and 21 dpi. Data are the mean ±  SEM of 4–5 mice/group from a representative 
experiment of 4 independent experiments. (C) Kinetics of CD38/PNA expression following influenza infection 
after gating on live CD19+ lymphocytes. The gates delineate the GC B cell population (PNAhi CD38lo) with 
numbers adjacent representing frequency of GC B cells. The data are 5 mice/group from a representative 
experiment of 3 performed independently. (D) Total number of splenic GC B cells determined using the gating 
strategy shown in (C). Data are the mean ±  SEM of 8–13 mice/group from three independent experiments.  
(E) Representative half spleen images from young and aged mice 14 dpi, GL7 (green) B220 (magenta) with scale bar 
at 500μ m. GC numbers per half spleen (F) and GC area (G) quantified by confocal microscopy. (H) Correlation of 
splenic GC number and weight recovery at 14 dpi. Data are the mean ±  SEM from 3 combined experiments  
with 3–4 mice per group. (I) Frequency of NP-specific GC B cells (gated as in (C)). Histograms show data of 4–5 
mice/group from one representative experiment of two performed independently. (J) Total splenic NP-specific 
GC B cells determined using the combined gating strategies shown in (C,I). Data are the mean ±  SEM of 8–13 
mice/group from three independent experiments. Number of total (K) or NP-specific (L) GC B cells at 14 dpi 
in young or aged mice that received/did not receive 3.6 ×  107 young CD45.1+CD4+ T cells one day prior to 
infection with PR8, gated on CD45.1- GC B cells as in (C,I). Data are the mean ±  SEM of 4–7 mice per group 
from a representative experiment of 2 performed independently. Statistical significance was determined by 
(A,B,D,J) two-way ANOVA (Bonferronni’s post hoc), (F,G), Student’s t test, (H) Pearson’s correlation and  
(K,L) one-way ANOVA (Tukey HSD post hoc). *p <  0.05,**p <  0.01; ***p <  0.001; ****p <  0.0001.



www.nature.com/scientificreports/

4Scientific Reports | 6:25051 | DOI: 10.1038/srep25051

using aged TCR transgenic cells showed that aged CD4+ T cells exhibit defective helper function17, we hypothe-
sized that defects in the later stages of TFH cell differentiation may be impaired in aged NP-specific CD4+ T cells.

Aged influenza-specific CD4+ T cells have impaired differentiation to a mature TFH cell phenotype.  
Following the pre-TFH stage, cells upregulate the expression of surface markers involved in T-B cell interac-
tions, and migrate to the T-B cell border where their initial interaction with B cells occurs. To determine if aged 
NP-specific T cells express the appropriate cell surface molecules to interact efficiently with B cells, we evalu-
ated expression of ICOS, Ly108, OX40 and CD150 on young and aged NP-specific T cells (Fig. 3). ICOS and 
Ly108 surface expression on aged NP-specific CD4+ T cells were significantly lower than on young CD4+ T cells. 
Conversely, the expression of OX40 on aged NP-specific CD4+ T cells was significantly higher. CD150 expression 
was similar on both young and aged cells.

These data suggests that aged NP-specific CD4+ T cells may have impaired ability to interact with B cells due 
to their failed ability to appropriately up-regulate ICOS and Ly108. Since ICOS and Ly108 play an important role 
in T-B interactions and GC formation10,25, lower expression of these molecules may contribute to the functional 
defects of aged CD4+ T cells which in turn may contribute to the reduced humoral responses observed in aged 
mice.

Figure 2.  Aged CD4+ T cells differentiate into pre-TFH cells. (A) CXCR5/PD-1 expression of young (top row) 
and aged (bottom row) Tet+ CD44hi (red boxes) and Tetneg CD44lo (blue boxes) cells after gating on live CD4+ 
T lymphocytes at 14 dpi. Plots show concatenated data of 5 mice/group from one representative experiment 
of three performed independently. (B) Total number of splenic NP-specific CD4+ T cells determined by flow 
cytometry using the gating strategy shown in (A). Data are the mean ±  SEM of 8–13 mice/group pooled 
from three independent experiments. (C) Total number of splenic Tet+ CXCR5hi PD-1hi in young and aged 
mice determined by flow cytometry using the gating strategy shown in (A). Data are the mean ±  SEM of 
8–13 mice/group pooled from three independent experiments. (D) Bcl6 expression by young and aged NP-
specific CXCR5hi PD-1hi CD4+ T cells at 14 dpi. Negative expression (dashed line) was determined using 
young CXCR5lo PD-1lo CD4 T cells. The histogram represents concatenated data of 5 mice/group from one 
representative experiment of three performed independently. (E) Bcl6 MFI shown in (D). Frequency of young 
and aged NP Tet+ CD4+ T cells producing (F) IL-4, and (G) IL-21 following PMA and ionomycin stimulation 
at 7 dpi. The data show the mean ±  SEM of 5 mice/group from one representative experiment of two performed 
independently. Statistical significance was determined by Student’s t test.
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Figure 3.  Aged CD4+ T cells fail to progress to fully differentiated TFH cells. (Left) Histograms showing 
ICOS, Ly108, OX40 and CD150 expression by young and aged NP Tet+ CD4+ T cells at 7 dpi. Negative or 
baseline expression (dashed line) was determined using the young Tetneg CD44lo CD4 T cell population. (Right) 
MFI of the histograms shown on left. The histograms (Left) show concatenated data, and the graphs (Right) 
show the mean ±  SEM, of 5 mice/group from one representative experiment of two performed independently. 
Statistical significance was determined by Student’s t test. **p <  0.01 ****p <  0.0001.
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The last stage of TFH cell differentiation corresponds to entry into the GC. This is characterized by the expres-
sion of GL7, a marker expressed by TFH-committed CD4+ T cells13 and associated with the mature GC TFH cell 
phenotype14. Considering that the NP-specific pre-TFH have altered receptor expression that may impair their 
interaction with cognate B cells, we expected that the progression of the aged NP-specific CD4+ T cells to the 
final GC TFH cell phenotype may also be impaired. We therefore evaluated whether aged TFH cells were pro-
gressing normally to the GC TFH cell phenotype by evaluating GL7 expression on these cells. While 34.5% of the 
young NP-specific CD4+ T cells up-regulated GL7 at 7 dpi, only 19.7% of the aged cells were GL7 positive at that 
time-point (Fig. 4A). This resulted in a significantly higher number of GC NP-specific CD4+ TFH cells in young 
compared to aged mice which were maintained at 14 dpi (Fig. 4B). To further explore the incomplete differen-
tiation of aged antigen-specific TFH cells to a GC TFH cell phenotype, we analyzed the expression of CXCR5, an 
important molecule for the migration of pre-TFH cells into the GC3. The aged NP-specific TFH cells exhibited 
lower expression of CXCR5 compared to their young counter parts (Fig. 4C), corresponding to a pre-TFH cell 
phenotype14.

Our data thus far indicate that aged influenza-specific CD4+ T cells differentiate normally to a pre-TFH cell 
phenotype, but less progress to a mature GC phenotype compared to young mice. To visualize this immunological 
reaction in situ we used multi-color confocal microscopy. Due to the limitations of imaging with MHC class II 
tetramers, we focused on visualizing the total response to influenza infection in young and aged spleens. There 
was increased GC disorganization, noted by the scattered GL7+ areas (Fig. 4D, left panels). The merged images 
demonstrate that aged mice had notable disruption of their splenic white pulp architecture when compared to 
young, denoted by the merging of the T and B cell areas (Fig. 4D, right panels). The considerable disruption of 
the microarchitecture observed in GCs from aged mice could also contribute to the reduced production of a pro-
tective humoral response. Next we sought to determine if TFH localize to the germinal center comparably in aged 
and young mice. TFH cells were identified by co-localization of Bcl6 and CD4 (Fig. 4E, insert from Fig. 4D middle 
panel). To quantify GC TFH cells, the cells expressing CD4 and Bcl6 in the GL7+ areas were counted. Aged mice 
had fewer TFH cells per GC compared to young mice at 14 dpi (Fig. 4F) in concordance with our antigen-specific 
TFH flow cytometry data (Fig. 4B). However, since the size of each GC is smaller in area in aged mice when com-
pared to GC in young mice (Fig. 1G), the number of TFH per 1000 μ m2 of GC is not different between young and 
aged mice (Fig. 4G). From this data we can conclude that the decreased number of TFH in the germinal center is a 
function of the decreased germinal center size, not density.

Taken together, these data support the hypothesis that the activation and differentiation of the aged 
NP-specific CD4+ T cells in response to influenza infection is impaired and results in lower numbers of GC 
TFH cells that may contribute to a deficient GC response. We then interrogated the expression of PD-1 on young 
and aged CD4+ T cells during influenza infection since increased PD-1 expression on aged TFH was described 
recently by Sage et al.19, who suggested that increased PD-1 expression could be responsible for the reduced 
function of aged TFH. The total aged CD4+ T cell population (Supplemental Fig. 2A–C) as well as the total aged 
TFH population (Supplemental Fig. 2D,E) do indeed express higher levels of PD-1 when compared to young. 
Importantly, and in contrast to the report by Sage et al., there is no difference in PD-1 expression on NP-specific 
TFH from young and aged mice at 7 dpi (Supplemental Fig. 2F) and by 14 dpi, young TFH express higher levels 
when compared to aged (Supplemental Fig. 2G). Thus, in our influenza model, increased expression of PD-1 by 
aged Ag-specific TFH cannot account for their reduced function.

NP-specific CD4+ T cells from aged mice have a regulatory-like phenotype.  Since the progression 
of CD4+ T cells into fully differentiated GC TFH cells is impaired in aged mice, we hypothesized that their B cell 
helper activity would be affected. In the next series of experiments we evaluated the IL-2, IL-10 and IFNγ  produc-
tion by young and aged NP-specific CD4+ T cells by flow cytometry. Consistent with previous reports26, the pro-
portion of aged NP-specific CD4+ T cells producing IL-2 was significantly lower than that of young cells (Fig. 5A). 
Interestingly, a higher frequency of aged cells produced IL-10 (Fig. 5B) and IFNγ  (Fig. 5C) than young cells. The 
dysregulated cytokine production by aged NP-specific CD4+ T cells could indicate an inappropriate effector dif-
ferentiation program that might impact helper activity of these cells, and therefore, the formation of GCs.

Reduced IL-2 production combined with increased IL-10 production is reminiscent of a regulatory T cell phe-
notype and it is reported that the frequency of regulatory T cells increases with aging27–30. Upon examination of 
total Foxp3+CD4+ T Cells our data also showed increased frequency of regulatory T cells in aged mice at all time 
points test (Fig. 6A,B). Total number of regulatory T cells was only significantly higher in aged mice at steady state 
and 7 dpi (Fig. 6C). To determine if more aged NP-specific CD4+ T cells exhibited regulatory T cell properties, we 
evaluated Foxp3 expression in young and aged influenza infected mice. At 7 dpi, the number of NP-specific CD4+ 
T cells expressing Foxp3 was not significantly different in young and aged groups (Fig. 6A). By 14 dpi however, the 
number of NP-specific CD4+ T cells expressing Foxp3 was significantly higher in aged compared to young mice 
(Fig. 6B). Recently, a subset of regulatory T cells that specifically control GC B cell and GC TFH cell responses, T 
follicular regulatory (TFR) cells, was characterized. TFR cells are identified by expression of CD4, PD-1, CXCR5, 
Foxp3 and Bcl631–33. At 7 dpi there was no difference in NP-specific TFR cell formation (Fig. 6F), but at the peak of 
the GC response (14 dpi) aged mice had increased numbers of NP-specific TFR cells (Fig. 6G). Total TFR cell num-
ber was also increased aged mice compared to young mice at all time points post infection (Supplemental Fig. 1). 
The increase in NP-specific TFR cells and regulatory T cells may contribute to the poor GC TFH cell and humoral 
response observed in aged mice after influenza infection. In order to further understand how aging impacts reg-
ulatory cells, we next explored the contribution of the aged environment to their formation.

Impact of the aged environment on regulatory T cells.  To assess whether the accumulation of reg-
ulatory T cells in aged mice was cell intrinsic or if the aged environment contributed to their accumulation, we 
performed an adoptive transfer experiment. Young and aged mice received young polyclonal CD45.1+ CD4+ T 
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cells one day prior to influenza infection. We employed a polyclonal model for this experiment since TFR cells are 
thymically derived and are not present in TCR transgenic populations such as the OT-II model31. The phenotype 
of the young CD4+ transferred T cells was analyzed by flow cytometry 14 dpi. A greater frequency of donor T cells 
in aged mice expressed Foxp3 when compared to donor cells in young mice (Fig. 7A). This was complemented by 
the increased regulatory to effector ratio of young CD4+ transferred cells in aged hosts (Fig. 7B). Examination of 

Figure 4.  Decreased germinal center TFH cell response to influenza infection in aged mice (A) GL7 expression 
on young and aged NP Tet+ CD4+ T cells. Negative expression (dashed line) was determined using young NP 
Tetneg CD44lo CD4+ cells. The histograms show concatenated data of 4–5 mice/group from one representative 
experiment of 3 performed independently. Numbers in the upper right corners are the frequency of the young 
(black) and aged (grey) cells in the GL7+ gate. (B) Total number of splenic NP Tet+ GL7+ cells determined 
by flow cytometry using the gating strategy shown in (A). Data represents the mean ±  SEM of 14–18 mice/
group from 3 independent experiments. (C) CXCR5 MFI of NP Tet+ TFH cells from young and aged mice at 
7 and 14 dpi (using gating strategy from Fig. 2A). Data represents the mean ±  SEM of 3–7 mice/group from 3 
independent experiments. (D) Representative images of spleens from young (top row) and aged (bottom row) 
mice 14 dpi stained with GL7 (green) to denote GCs, CD4 (yellow), Bcl6 (red) and B220 (magenta) with scale 
bars at 80μ m. Inserts in the middle panel are magnified in figure (E). (E) TFH cells were characterized by co-
localization of Bcl6 and CD4 (white). (F) TFH cells per GC were enumerated by counting the TFH cells in the GL7 
area using Imaris software. (G) TFH cells per 1000 μ m2 GC area were calculated using the GC area (determined 
by creating an isosurface of GL7 with Imaris) and the number of TFH cells per GC. Data are mean ±  SEM pooled 
from three independent experiments with images from 17 mice containing 1–4 GC per image (D–F). Statistical 
significance was determined by Student’s t test. *p <  0.05; **p <  0.01, ***p <  0.001.
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donor CD4+ T cells expressing a TFR phenotype (Bcl6+ and Foxp3+) showed no difference in frequency in young 
or aged hosts (Fig. 7C). Although the factors that promote TFR cell development are still being elucidated, TGF-β 1 
is a known inducer/stabilizer of Foxp3 expression34. There was a significantly higher level of active TGF-β 1 in 
the spleens of aged mice compared to young mice at 14 dpi (Fig. 7D), which may contribute to accumulation of 
regulatory T cells in aged hosts. To determine whether the concentration of active TGF-β 1 in the aged spleens was 
sufficient to promote regulatory T cell development, we performed an in vitro assay where young CD4+CD25− T 
cells were cultured with either a standard concentration (5000 pg/ml) of TGF-β 1 to polarize T cells to regulatory 

Figure 5.  NP-specific CD4+ T cells produce cytokines indicative of regulatory T cells. Intracellular cytokine 
staining of young and aged NP Tet+ CD4+ T cells harvested 7 dpi and stimulated with PMA/Ionomycin. The 
graphs show the mean ±  SEM of the frequency of NP-specific CD4+ T cells producing: (A) IL-2, (B) IL-10, and 
(C) IFNγ . The data are from 5 mice/group of one representative experiment of two performed independently. 
Statistical significance was determined by Student’s t test. ***p <  0.001; ****p <  0.0001.
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cells35, the concentration of TGF-β 1 in aged spleens (100 pg/ml), or no TGF-β 1. TGF-β 1 at 100 pg/ml converted 
CD4+ T cells to regulatory T cells at a similar frequency (7%) to the in vivo transfer experiments (Fig. 7E), sug-
gesting that TGF-β 1 in the aged splenic environment can drive formation of regulatory T cells. These data suggest 
that there are both CD4+ T cell intrinsic and extrinsic factors that contribute to the regulatory environment of 
aged mice, which may negatively contribute to TFH cell function and, in turn, dampen the humoral response in 
aged mice during influenza infection.

Discussion
Aging is associated with a decline in immune system function, including reduced humoral responses. Here we 
show that low influenza-specific antibody titers found in aged mice following influenza infection are associated 
with decreased numbers of total and NP-specific GC B cells and decreased GC size, number, and responses 
compared to young mice. We have also shown that defects in total and NP-specific GC B cell numbers can be 
overcome by the addition of young CD4+ T cells. This suggests that B cell intrinsic defects are likely insufficient 
to explain the extent of the GC impairment and that other factors, such as age-related changed in TFH cells, may 
contribute to these defects.

In previous studies, we have shown that aged CD4+ T cells acquire intrinsic defects that impair their helper 
functions17,36. These conclusions were drawn following the observation that aged TCR transgenic CD4+ T cells 
transferred into young CD4 KO mice support a weaker GC response when compared to young CD4+ T cells. This 
age-associated functional defect was correlated with impaired CD154 expression. Moreover, we have demon-
strated that the aged microenvironment also contributes to reduced helper function of CD4+ T cells using an 
adoptive transfer model18. In these experiments, young CD4+ T cells displayed delayed activation and expansion, 
as well as reduced differentiation to a TFH cell phenotype, when transferred into aged hosts when compared to 
young hosts18. This correlated with the impaired accumulation of the young donor cells in the T cell areas of the 
spleen in aged mice, a phenomenon likely related to the reduced expression of CCL19 and CCL21 in this organ18. 
These experiments allowed us to determine the contribution of the age-associated defects intrinsic and extrinsic 
to the CD4+ T cell compartment in the impaired GC response observed in aged mice.

Results presented herein provide evidence that endogenous, aged antigen-specific CD4+ T cells exhibit a 
defect in their ability to fully differentiate to a GC TFH cell phenotype in response to influenza infection. While 
the same number of NP-specific CD4+ T cells acquired pre-TFH characteristics (CXCR5+ PD-1+ Bcl6+) in young 
and aged mice, aged TFH cells express lower levels of ICOS and Ly108 and fewer expressed GL7, a marker for GC 
TFH cells. Importantly, this defect in TFH cell differentiation is associated with impaired generation of NP-specific 
GC B cells. GL7 is a molecule readily expressed by activated NP-specific CD4+ T cells and maintenance of its 
expression in GC TFH cells depends on the establishment of cognate T-B interactions13. Thus, we believe that the 
low frequency of aged NP-specific CD4+ T cells expressing GL7 is indicative of inadequate T-B cell interactions.

Figure 6.  T regulatory and T follicular regulatory cells accumulate in aged mice after influenza infection. 
(A) Representative histograms of total CD4+ T cells expressing Foxp3 in young and aged mice. Frequency (B) 
and number (C) of total CD4+ T cells that express Foxp3 in spleens from young and aged mice before influenza 
infection, 7dpi and 14dpi. Number of NP-specific CD4+ T cells expressing Foxp3 in the spleen of young and 
aged mice at (D) 7 dpi and (E) 14 dpi. Number of NP-specific CD4+ CXCR5hi PD-1hi Bcl6+ Foxp3+ cells in 
spleens of young and aged mice at (F) 7 dpi and (G) 14 dpi. Data are the mean ±  SEM of 3–10 mice per group 
from a representative experiment of 3 performed independently. Statistical significance was determined by Two 
way ANOVA with LSD post test (B,C) or Student’s t test (D–G). *p <  0.05, p <  0.001.
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The hypothesis that aging negatively impacts T-B cell interactions is supported by several observations. First, 
the reduced number of NP-specific B cells in the spleen of aged mice likely contributes to the impaired GL7 
expression. Second, this could be the result of impaired recruitment of T cells to B cell follicles. Our current find-
ings are in agreement with our previous work showing that the architecture of B cell follicles in aged mice spleens 
was disorganized18. Moreover, the amount of CCR7 ligands CCL19 and CCL21 were significantly lower18, while 
the CXCR5 ligand CXCL13 was more abundant37 in aged compared to young mouse spleens. These signals may 
contribute to smaller GCs found in aged mice that have fewer TFH cells than their young counterparts. Because 
of the imbalance of chemotactic signals and the disorganization of the splenic white pulp, the ability of aged TFH 
cells to find and interact with their cognate B cells is likely compromised in aged mice.

Furthermore, we observed that expression of the co-stimulatory molecule ICOS was significantly reduced 
on aged compared to young NP-specific CD4+ T cells. A recent study by Xu and colleagues showed that ICOS 
participates in CD4+ T cell localization within B cell follicles in an ICOS ligand-independent manner15. A lower 
expression of ICOS on TFH cells could reduce their ability to migrate within the follicles and interact with B cells. 

Figure 7.  More young CD4+ T cells transferred into aged host express Foxp3 compared to young hosts. 
Purified young CD45.1+CD4+ polyclonal T cells were transferred via tail vein injection into young or aged hosts 
at 3.6 ×  107 cells per mouse. One day post transfer, recipient mice were infected with 600PFU PR8 influenza 
and subsequently sacrificed for analysis 14 days later. (A) Foxp3 expression of CD4+ transferred cells in young 
or aged hosts. (B) Regulatory to effector ratio of CD4+ transferred cells in young or aged host, calculated by the 
percent of Foxp3+/Foxp3− donor CD4+ cells. (C) CD4+, CXCR5hi, PD-1hi, Bcl6+ transferred cells expressing 
Foxp3 in young or aged host. (D) Active TGFβ -1 levels in spleen supernatants from the mice who received 
transferred cells described above. Data are the mean ±  SEM of 4–7 mice per group from a representative 
experiment of 3 performed independently. Statistical significance was determined by Student’s t test (A–D). 
*p <  0.05. ***p <  0.001. (E) CD4+CD25− T Cells from young mice were cultured with 5000 pg/ml (standard 
concentration for making iTregs35), 100 pg/ml (concentration in aged spleens) or 0 pg/ml TGF-β 1. Combined 
results from three independent experiments. Statistical significance was determined using repeated measures 
ANOVA with Sidak post hoc test. *p <  0.05.
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In concordance with these results, we also showed that NP-specific TFH cells have lower expression of CXCR5, 
another important molecule for homing of TFH cells to B cell follicles3. ICOS has a central role in multiple steps of 
the GC reaction, and ICOS deficient CD4+ T cells are unable to differentiate to a TFH cell phenotype10. The equiv-
alent generation of NP-specific TFH cells in both young and aged mice, albeit with the lower expression of ICOS by 
the aged cells, suggests that this level of ICOS expression is sufficient for initial TFH cell differentiation, but not for 
full differentiation to a GC TFH cell phenotype. ICOS signaling also contributes to the GC response by inducing 
the expression of other co-stimulatory molecules such as CD40L38–40 and influencing cytokine production by T 
cells38–40 and GC B cells41. Ly108 has also been identified as a major regulator of T-B cell interactions25 through 
both positive and negative signals42. The reduced expression of both ICOS and Ly108 by the aged NP-specific 
CD4+ T cells could therefore have a major impact on the stability of the T-B cell interactions and the subsequent 
development of GCs.

Finally, we observed a greater number of NP-specific CD4+ T cells express the transcription factor Foxp3 in 
aged compared to young mice, with fewer aged cells producing IL-2 and more cells producing IL-10. Increased 
regulatory T cell frequency and/or number in aged mice have been reported by multiple groups27–30 and this 
increase has also been linked to reduced immune function27,30. Interestingly, the proportion of GL7+ GC TFH 
cells is increased in mice deficient in regulatory T cells43. TFR cells are important suppressors of GC B cell and 
TFH cell responses that are derived from thymic regulatory T cells31–33. The increase in Foxp3+regulatory T cells 
found in aged mice could contribute to the increased number of total and antigen-specific TFR cells found in aged 
mice. Sage et al. in a recent report demonstrated that young and aged TFR cells have equal suppressive capacity. 
Therefore, TFR cell from aged mice could contribute to reduced GC B cell and GC TFH cell generation after infec-
tion. We have also demonstrated that the aged environment is conducive to regulatory T cell development, in part 
due to increased levels of active TGF-β 1, a known inducer of Foxp3 expression34. Future studies will address the 
cellular source of TGF-β  in aged mice.

In conclusion, we show that an appropriate number of NP-specific CD4+ T cells develop to pre-TFH cell stage 
in aged mice. However, these cells are unable to fully progress to the GC TFH phenotype (GL7+ TFH cells)14, and 
sustain the development of an efficient GC response when compared to the young NP-specific TFH cells. Thus, we 
propose that inadequate T-B cell interactions, as well as increased regulatory T cell number in aged mice contrib-
ute to age-related impairments in humoral responses to influenza infection (Supplemental Fig. 3).

Materials and Methods
Mice.  Young (2–4 months) and aged (18–24 months) C57Bl/6 mice were bred and housed at the Trudeau 
Institute or University of Connecticut Health Center animal facilities. Alternatively, aged C57Bl/6 were obtained 
from the National Institute of Aging (NIA) aging colony bred and housed at Charles River Laboratories. Young 
mice were also obtained from Jackson Laboratories. All mice were kept in sterilized, individually ventilated, 
HEPA-filtered cages under specific pathogen-free conditions. The mice were anesthetized with isoflurane and 
infected intranasally with 600 PFU of the mouse-adapted influenza A H1N1 strain Puerto Rico/34/8 (PR8). 
The mice were sacrificed by CO2 asphyxiation. Age-matched non-infected mice were used as controls. The 
Trudeau Institute Institutional or University of Connecticut Health Center Animal Care and Use Committees 
approved all experimental procedures using animals and all procedures were carried out in accordance with 
their guidelines.

Determination of antibody titers.  Young and aged mice and were anesthetized with isoflurane and blood 
was harvested by cardiac puncture on days 0, 7, 14 and 21 post infection. The blood was allowed to coagulate 
for 2 hours at room temperature, centrifuged (×10,000 rpm) 10 min at room temperature, and the serum was 
collected and kept at −20 °C until analysis was performed. PR8-specific IgG was determined by ELISA using 
HRP-labeled anti-isotype antibodies (Southern Biotech Inc.). Antibody titers were determined by the last serum 
dilution with an optical density above background. Neutralizing antibody titers were determined using an  
in vitro neutralization assay. In brief, serum dilutions were incubated with 400 PFU of PR8 for one hour at 37 °C. 
The mixtures were added on Madin-Darby Canine Kidney cell monolayers and centrifuged (×3,000 rpm) 70 min 
at room temperature. The cells were next washed and incubated 20–24 hours at 33 °C in Zero-Serum Refeed 
Medium-PSGA (Diagnostic Hybrids) containing 4 μ g/ml trypsin (Sigma). The virus was next detected using a 
biotin-labeled anti-influenza-A antibody (Millipore). The neutralizing antibody titers were determined as the last 
serum dilution with fewer viral plaques than the normal mouse serum control.

Flow cytometry.  To identify the NP-specific CD4+ T cells, single cell suspensions of splenocytes were 
first stained for one hour at room temperature with MHC class II NP Tetramer (PE/APC, Trudeau Institute 
Molecular Biology Core Facility). Further phenotyping was performed by staining with directly fluorochome 
conjugated antibodies (Supplemental Table 1). For intracellular transcription factor detection, cells were fixed 
and permeabilized using the Foxp3/Transcription Factor Staining Buffer Set (eBioscience) according to the 
manufacturer’s instructions. NP-specific GC B cells were detected by staining with PE labeled B cell tetramer 
(Trudeau Institute Molecular Biology Core44), for 30 min on ice. For intra-cellular cytokine staining, samples were 
enriched for CD4 cells by MACS®  using the CD4 enrichment kit II (Miltenyi Biotech) according to the manufac-
turer’s instruction. The cells were then resuspended at 5–10 ×  106 cells/ml in RPMI (Cellgro) containing 0.18 μ M 
β -mercaptoethanol, 4 mM glutamine, antibiotic-antimycotic solution (Cellgro), 10 mM HEPES, 10% fetal bovine 
serum and 4 μ l/6ml GolgiStop™  (BD). The cell suspensions were stimulated for 5 hours with 1 μ g/ml phorbol 
12-myristate 13-acetate and 1 μ g/ml ionomycin at 37 °C. The cells were then washed, fixed, and permeabilized 
using the BD Cytofix/Cytoperm™  Fixation/Permeabilization Solution Kit (BD) according to the manufacturer’s 
instructions. Control samples containing the different “fluorescence minus one” antibody cocktails were used to 
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determine the appropriate gating strategy for each cytokine. All flow cytometry samples were analyzed on a Canto 
II flow cytometer or on a LSR II flow cytometer using the FACSDiva software (BD). Data analyses were then per-
formed using the FlowJo software (Tree Star).

Immunofluoresence.  Spleens were fixed overnight in medium containing 0.05 M phosphate buffer, 0.1 M 
l-lysine, pH 7.4, 2 mg/ml NaIO4, and 10 mg/ml paraformaldehyde and were dehydrated with 30% sucrose in 
phosphate buffer. Tissues were frozen in Tissue-Tek O.C.T. compound (Sakura Finetek) and sectioned using 
a CM1850 cryostat (Leica). 20-μ m frozen sections were permeabilized with 1% Triton X-100 (Sigma) for ten 
minutes at room temperature, blocked for 30 minutes with Background Buster (Innovex Biosciences), stained 
over night at 4 °C in a humidified chamber with an antibody cocktail (Supplemental Table 2), then mounted with 
Immu-Mount (Thermo Sceintific). Immunofluorescence confocal microscopy was performed with the Zeiss 780 
laser scanning microscope (Carl Zeiss; air objective 20×  Plan-Apochromat with NA 0.5) using multichannel 
frame scans. The ZEN 2012 software (Carl Zeiss) was used for image acquisition. For half spleen images, the ZEN 
2012 tile scan function was used to stitch individual 20x images together. Quantification of GC area, GC TFH cells 
and image processing was performed using Imaris 8.1 software (BITPLANE).

Adoptive transfer.  The splenocytes were prepared from young non-infected CD45.1+ C57/Bl6 mice 
(Jackson Laboratories) and enriched for CD4+ cells by MACS®  enrichment kit II (Miltenyi Biotech) according 
to the manufacturer’s instruction. Purity of this population was confirmed by flow cytometry (>85%). The iso-
lated young CD45.1+CD4+ T cells were tail vein injected into young or aged CD45.2+ C57/Bl6 hosts at 3.6 ×  107 
cells/200 μ l/ mouse. One day later the mice were infected with 600 PFU PR8 influenza and subsequently sacrificed 
14 days later for flow cytometric analysis.

Active TGF-β 1 ELISA.  Prior to flow analysis, the spleens from young and aged mice that received adop-
tive transfer of young CD45.1+CD4+ T cells, where crushed through 100μ M wire mesh with 400μ L of PBS. The 
suspension was then centrifuged (×300 rpm) for 2 minutes and supernatant was collected and stored at − 80 °C 
until analysis was performed. TGF-β 1 was measured in the spleen supernatants using the LEGEND MAXTM Free 
Active TGF-β 1 ELISA kit (BioLegend). Samples were run in duplicate according to manufactures instructions. 
Spleen weights did not differ significantly in young and aged mice (data not shown).

In vitro generation of regulatory T cells.  A sterile single cell suspension was prepared from spleens 
and lymph nodes pooled from four young mice. Erythrocytes were lysed using ACK lysis buffer (Gibco by Life 
Technologies). CD4+ T cells were isolated by negative selection using Miltenyi’s CD4 cell isolation kit according 
to manufactures instructions. The CD4+ population was then stained with PE conjugated anti-CD25 (BD). After 
washing, the cells were then incubated with anti-PE microbeads (Miltenyi). CD25+ cells were removed by positive 
selection using the LS column (Miltenyi). Purity of the CD25−CD4+ T cells was confirmed by flow cytometry. 
The purified cells were suspended at 2 ×  106 cells/ml in X-Vivo15 serum free medium (Sartorius Stedim Biotech) 
and cultured in 24 well plates with Dynabeads®  Mouse T-Activator CD3/CD28 (Life Technologies) at a bead to 
cell ratio of 1:1. TGF-β 1 (R&D Research Systems) was either added at 5000 pg/ml (recommended concentration 
for generation of regulatory T cells (Fantini et al.35) 100 pg/ml (concentration found in aged spleens), or 0 pg/ml 
(negative control). All conditions were plated in triplicate and cultured for 5 days at 37 °C 5%CO2.

Statistical analyses.  All experiments were performed at least twice, and each group contained 3–7 animals. 
Statistical significance was determined by Student’s t test, One-way or Two-way ANOVA, Repeated Measures 
ANOVA, or Pearson’s correlation as specified in the figure legends. Statistical analyses were performed with Prism 
5 or Prism 6 software (GraphPad Software inc.) or SPSS Software (IBM). Differences were considered significant 
at p <  0.05.

References
1.	 Blomberg, B. B. & Frasca, D. Quantity, not quality, of antibody response decreased in the elderly. The Journal of clinical investigation 

121, 2981–2983, doi: 10.1172/jci58406 (2011).
2.	 Breitfeld, D. et al. Follicular B helper T cells express CXC chemokine receptor 5, localize to B cell follicles, and support 

immunoglobulin production. The Journal of experimental medicine 192, 1545–1552 (2000).
3.	 Haynes, N. M. et al. Role of CXCR5 and CCR7 in follicular Th cell positioning and appearance of a programmed cell death gene-

1(High) germinal center-associated subpopulation. J Immuno 179, 5099–5108 (2007).
4.	 Schaerli, P. et al. CXC chemokine receptor 5 expression defines follicular homing T cells with B cell helper function. The Journal of 

experimental medicine 192, 1553–1562 (2000).
5.	 Kim, C. H. et al. Subspecialization of CXCR5+  T cells: B helper activity is focused in a germinal center-localized subset of CXCR5+  

T cells. The Journal of experimental medicine 193, 1373–1381 (2001).
6.	 King, C., Tangye, S. G. & Mackay, C. R. T follicular helper (TFH) cells in normal and dysregulated immune responses. Annual review 

of immunology 26, 741–766, doi: 10.1146/annurev.immunol.26.021607.090344 (2008).
7.	 Ma, C. S., Deenick, E. K., Batten, M. & Tangye, S. G. The origins, function, and regulation of T follicular helper cells. The Journal of 

experimental medicine 209, 1241–1253, doi: 10.1084/jem.20120994 (2012).
8.	 Choi, Y. S. et al. ICOS receptor instructs T follicular helper cell versus effector cell differentiation via induction of the transcriptional 

repressor Bcl6. Immunity 34, 932–946, doi: 10.1016/j.immuni.2011.03.023 (2011).
9.	 Crotty, S. Follicular helper CD4 T cells (TFH). Annual review of immunology 29, 621–663, doi: 10.1146/annurev-immunol 

-031210-101400 (2011).
10.	 Akiba, H. et al. The role of ICOS in the CXCR5+  follicular B helper T cell maintenance in vivo. J Immunol 175, 2340–2348 (2005).
11.	 Cannons, J. L. et al. SAP regulates T cell-mediated help for humoral immunity by a mechanism distinct from cytokine regulation. 

The Journal of experimental medicine 203, 1551–1565, doi: 10.1084/jem.20052097 (2006).
12.	 Qi, H., Cannons, J. L., Klauschen, F., Schwartzberg, P. L. & Germain, R. N. SAP-controlled T-B cell interactions underlie germinal 

centre formation. Nature 455, 764–769, doi: 10.1038/nature07345 (2008).



www.nature.com/scientificreports/

13Scientific Reports | 6:25051 | DOI: 10.1038/srep25051

13.	 Kerfoot, S. M. et al. Germinal center B cell and T follicular helper cell development initiates in the interfollicular zone. Immunity 34, 
947–960, doi: 10.1016/j.immuni.2011.03.024 (2011).

14.	 Yusuf, I. et al. Germinal center T follicular helper cell IL-4 production is dependent on signaling lymphocytic activation molecule 
receptor (CD150). J Immuno 185, 190–202, doi: 10.4049/jimmunol.0903505 (2010).

15.	 Xu, H. et al. Follicular T-helper cell recruitment governed by bystander B cells and ICOS-driven motility. Nature 496, 523–527, doi: 
10.1038/nature12058 (2013).

16.	 Lefebvre, J. S. & Haynes, L. Aging of the CD4 T Cell Compartment. Open Longevity Science 6, 83–91, doi: 10.2174/ 
1876326x01206010083 (2012).

17.	 Eaton, S. M., Burns, E. M., Kusser, K., Randall, T. D. & Haynes, L. Age-related defects in CD4 T cell cognate helper function lead to 
reductions in humoral responses. J Ex Med 200, 1613–1622, doi: 10.1084/jem.20041395 (2004).

18.	 Lefebvre, J. S. et al. The aged microenvironment contributes to the age-related functional defects of CD4 T cells in mice. Aging cell 
11, 732–740, doi: 10.1111/j.1474-9726.2012.00836.x (2012).

19.	 Sage, P. T., Tan, C. L., Freeman, G. J., Haigis, M. & Sharpe, A. H. Defective TFH Cell Function and Increased TFR Cells Contribute 
to Defective Antibody Production in Aging. Cell reports 12, 163–171, doi: 10.1016/j.celrep.2015.06.015 (2015).

20.	 Zheng, B., Han, S., Takahashi, Y. & Kelsoe, G. Immunosenescence and germinal center reaction. Immunological reviews 160, 63–77 
(1997).

21.	 Frasca, D. & Blomberg, B. B. Effects of aging on B cell function. Current Opinion in Immunology 21, 425–430, doi: 10.1016/j.
coi.2009.06.001 (2009).

22.	 Shimada, Y., Hayashi, M., Nagasaka, Y., Ohno-Iwashita, Y. & Inomata, M. Age-associated up-regulation of a negative co-stimulatory 
receptor PD-1 in mouse CD4+  T cells. Experimental gerontology 44, 517–522, doi: 10.1016/j.exger.2009.05.003 (2009).

23.	 Channappanavar, R., Twardy, B. S., Krishna, P. & Suvas, S. Advancing age leads to predominance of inhibitory receptor expressing 
CD4 T cells. Mechanisms of ageing and development 130, 709–712, doi: 10.1016/j.mad.2009.08.006 (2009).

24.	 Yu, D. et al. The transcriptional repressor Bcl-6 directs T follicular helper cell lineage commitment. Immunity 31, 457–468, doi: 
10.1016/j.immuni.2009.07.002 (2009).

25.	 Cannons, J. L. et al. Optimal germinal center responses require a multistage T cell: B cell adhesion process involving integrins, 
SLAM-associated protein, and CD84. Immunity 32, 253–265, doi: 10.1016/j.immuni.2010.01.010 (2010).

26.	 Haynes, L., Linton, P. J., Eaton, S. M., Tonkonogy, S. L. & Swain, S. L. Interleukin 2, but not other common gamma chain-binding 
cytokines, can reverse the defect in generation of CD4 effector T cells from naive T cells of aged mice. The Journal of experimental 
medicine 190, 1013–1024 (1999).

27.	 Sharma, S., Dominguez, A. L. & Lustgarten, J. High accumulation of T regulatory cells prevents the activation of immune responses 
in aged animals. J Immunol 177, 8348–8355 (2006).

28.	 Zhao, L. et al. Changes of CD4 +  CD25 +  Foxp3+  regulatory T cells in aged Balb/c mice. Journal of leukocyte biology 81, 1386–1394, 
doi: 10.1189/jlb.0506364 (2007).

29.	 Rosenkranz, D. et al. Higher frequency of regulatory T cells in the elderly and increased suppressive activity in neurodegeneration. 
Journal of neuroimmunology 188, 117–127, doi: 10.1016/j.jneuroim.2007.05.011 (2007).

30.	 Lages, C. S. et al. Functional regulatory T cells accumulate in aged hosts and promote chronic infectious disease reactivation. J 
Immunol 181, 1835–1848 (2008).

31.	 Linterman, M. A. et al. Foxp3(+) follicular regulatory T cells control the germinal center response. Nature Medicine 17, 975–U995, 
doi: 10.1038/nm.2425 (2011).

32.	 Chung, Y. et al. Follicular regulatory T cells expressing Foxp3 and Bcl-6 suppress germinal center reactions. Nature Medicine 17, 
983–U102, doi: 10.1038/nm.2426 (2011).

33.	 Wollenberg, I. et al. Regulation of the Germinal Center Reaction by Foxp3(+) Follicular Regulatory T Cells. J Immuno 187, 
4553–4560, doi: 10.4049/jimmunol.1101328 (2011).

34.	 Marie, J. C., Letterio, J. J., Gavin, M. & Rudensky, A. Y. TGF-beta 1 maintains suppressor function and Foxp3 expression in CD4(+)
CD25(+) regulatory T cells. J Ex Med 201, 1061–1067, doi: 10.1084/jem.20042276 (2005).

35.	 Fantini, M. C., Dominitzki, S., Rizzo, A., Neurath, M. F. & Becker, C. In vitro generation of CD4+  CD25+  regulatory cells from 
murine naive T cells. Nature protocols 2, 1789–1794, doi: 10.1038/nprot.2007.258 (2007).

36.	 Maue, A. C. et al. Proinflammatory adjuvants enhance the cognate helper activity of aged CD4 T cells. J Immunol 182, 6129–6135, 
doi: 10.4049/jimmunol.0804226 (2009).

37.	 Wols, H. A. et al. Migration of immature and mature B cells in the aged microenvironment. Immunology 129, 278–290, doi: 
10.1111/j.1365-2567.2009.03182.x (2010).

38.	 Dong, C. et al. ICOS co-stimulatory receptor is essential for T-cell activation and function. Nature 409, 97–101, doi: 
10.1038/35051100 (2001).

39.	 McAdam, A. J. et al. ICOS is critical for CD40-mediated antibody class switching. Nature 409, 102–105, doi: 10.1038/35051107 
(2001).

40.	 Tafuri, A. et al. ICOS is essential for effective T-helper-cell responses. Nature 409, 105–109, doi: 10.1038/35051113 (2001).
41.	 Vu, F., Dianzani, U., Ware, C. F., Mak, T. & Gommerman, J. L. ICOS, CD40, and lymphotoxin beta receptors signal sequentially and 

interdependently to initiate a germinal center reaction. J Immunol 180, 2284–2293 (2008).
42.	 Kageyama, R. et al. The receptor Ly108 functions as a SAP adaptor-dependent on-off switch for T cell help to B cells and NKT cell 

development. Immunity 36, 986–1002, doi: 10.1016/j.immuni.2012.05.016 (2012).
43.	 Leonardo, S. M., De Santis, J. L., Gehrand, A., Malherbe, L. P. & Gauld, S. B. Expansion of follicular helper T cells in the absence of 

Treg cells: implications for loss of B-cell anergy. European journal of immunology 42, 2597–2607, doi: 10.1002/eji.201242616 (2012).
44.	 Ballesteros-Tato, A. et al. Interleukin-2 inhibits germinal center formation by limiting T follicular helper cell differentiation. 

Immunity 36, 847–856, doi: 10.1016/j.immuni.2012.02.012 (2012).

Acknowledgements
We gratefully acknowledge Amanda Buck, Ron LaCourse, Zhijuan Qiu, Erica Lorenzo, Jenna Bartley, Sandra 
Jastrzebski, Judith Kalinowski, and Spencer Keilich for their technical support and help with the manuscript 
preparation. We would also like to acknowledge Evan Jellison and the UCONN Health Flow Cytometry core 
along with Susan Krueger and the UCONN Health Cell Analysis and Modeling Microscopy Facility for their 
technical assistance and resources. The authors declare no competing financial interests. This study was supported 
by National Institute of Aging Program Grant #AG021600 and the UCONN Center on Aging. J.S. Lefebvre is 
the recipient of a postdoctoral fellowship provided jointly by the Fonds de recherche du Québec-Santé/Réseau 
québécois de recherche sur le vieillissement/National Institute of Aging.

Author Contributions
J.S.L. performed experiments for Figures 1(A–D,I,J),  2(A–C,E–G), 3, 4 (A,B) and 5(A–C),  
Supplemental Figure 1(A–D) and wrote parts of the introduction, methods, results, discussion and figure legends. 



www.nature.com/scientificreports/

1 4Scientific Reports | 6:25051 | DOI: 10.1038/srep25051

A.R.M. performed experiments for Figures 1(E–H,K,L), 2(A–C), 4(C–F), 6(A–G) and 7(A–D), Supplemental 
Figures 2 and 3, and wrote the abstract, parts of the introduction, methods, results, discussion, figure legends, 
and formatted the manuscript for submission. J.W.H. performed experiments in Figure 7(E). L.H. and all authors 
reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Lefebvre, J. S. et al. Age-related impairment of humoral response to influenza is 
associated with changes in antigen specific T follicular helper cell responses. Sci. Rep. 6, 25051; doi: 10.1038/
srep25051 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Age-related impairment of humoral response to influenza is associated with changes in antigen specific T follicular helper  ...
	Results

	Impaired humoral response in aged mice following influenza infection. 
	Aged influenza-specific CD4+ T cells differentiate into pre-TFH cells. 
	Aged influenza-specific CD4+ T cells have impaired differentiation to a mature TFH cell phenotype. 
	NP-specific CD4+ T cells from aged mice have a regulatory-like phenotype. 
	Impact of the aged environment on regulatory T cells. 

	Discussion

	Materials and Methods

	Mice. 
	Determination of antibody titers. 
	Flow cytometry. 
	Immunofluoresence. 
	Adoptive transfer. 
	Active TGF-β 1 ELISA. 
	In vitro generation of regulatory T cells. 
	Statistical analyses. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Reduced antibody production and GC development during influenza infection in aged mice.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Aged CD4+ T cells differentiate into pre-TFH cells.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Aged CD4+ T cells fail to progress to fully differentiated TFH cells.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Decreased germinal center TFH cell response to influenza infection in aged mice (A) GL7 expression on young and aged NP Tet+ CD4+ T cells.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ NP-specific CD4+ T cells produce cytokines indicative of regulatory T cells.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ T regulatory and T follicular regulatory cells accumulate in aged mice after influenza infection.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ More young CD4+ T cells transferred into aged host express Foxp3 compared to young hosts.



 
    
       
          application/pdf
          
             
                Age-related impairment of humoral response to influenza is associated with changes in antigen specific T follicular helper cell responses
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25051
            
         
          
             
                Julie S Lefebvre
                April R Masters
                Jacob W Hopkins
                Laura Haynes
            
         
          doi:10.1038/srep25051
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep25051
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep25051
            
         
      
       
          
          
          
             
                doi:10.1038/srep25051
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25051
            
         
          
          
      
       
       
          True
      
   




