
 1 

Haem	toxicity	in	the	aged	spleen	impairs	T-cell	immunity	through	iron	

deprivation	
 

David Ezuz1, Heba Ombashe1, Lana wa6ed1, Orna Atar1 and Noga Ron-Harel1,* 
1 Faculty of Biology, Technion- Israel insGtute of Technology, Haifa, Israel. 

 

*Corresponding author: Nogaronharel@technion.ac.il 

 

 

  

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 5, 2024. ; https://doi.org/10.1101/2024.05.05.592551doi: bioRxiv preprint 

mailto:Nogaronharel@technion.ac.il
https://doi.org/10.1101/2024.05.05.592551


 2 

Summary 1 

Ageing profoundly impacts T cell immunity, compromising vaccine responses, suscep8bility to 2 

infec8ons, and immunosurveillance. Mechanisms of T cell ageing involve cell-intrinsic 3 

altera8ons and interac8ons with other immune and stromal cells1. This study inves8gates how 4 

a 8ssue’s microenvironment influences T cell ageing trajectories, following our discovery of 5 

varying rates of T cell ageing within a single host. Spleen-derived lymphocytes exhibited 6 

func8onal decline compared to those from lymph nodes, with proteomic analysis revealing 7 

increased expression of haem detoxifica8on and iron storage proteins in aged spleen-derived 8 

lymphocytes. Exposure to the aged spleen microenvironment or to haem induced mul8ple 9 

ageing phenotypes in young lymphocytes, characterized by reduced prolifera8on and 10 

upregula8on of the ectonucleo8dases CD39 and CD73. Mechanis8cally, we show that T cells 11 

survive the hos8le microenvironment of the aged spleen by maintaining low labile iron pools 12 

to resist ferroptosis.  Finally, vaccina8on responses in aged mice were enhanced by 8med iron 13 

infusions. Our findings underscore a trade-off between T cell survival and func8on in the aged 14 

host. Recent studies show how Dysfunc8onal T cells induce premature ageing phenotypes in 15 

mul8ple solid organs of a young host2,3. Our findings highlight the bidirec8onal rela8onship 16 

between T cells and their ageing microenvironment. Understanding these mechanisms will 17 

inform strategies to enhance immune responses in the elderly. 18 
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Introduc8on 25 

T lymphocytes, the cellular arm of the adapGve immune response, play a pivotal role in host 26 

defence against foreign pathogens and contribute to maintaining Gssue homeostasis. However, 27 

their funcGonality diminishes with age, leading to compromised immunity against infecGons, 28 

diminished response to vaccinaGon, and an elevated suscepGbility to autoinflammatory diseases 29 

and malignancies1. The mechanisms driving T cell dysfuncGon in ageing involve universal 30 

hallmarks of cellular ageing, such as mitochondrial dysfuncGon, loss of proteostasis, geneGc 31 

alteraGons, and senescence4, together with T cell-specific hallmarks, including a reducGon in T 32 

cell repertoire and a phenotypic shiZ towards less naive and more differenGated cells in elderly 33 

individuals1.  Recent studies in mice show that the premature ageing of the T cell compartment, 34 

coupled with the subsequent failure of immunosurveillance, accelerates ageing phenotypes in 35 

mulGple organs2,3. In this study, we explored the reciprocal nature of this interacGon as we 36 

pursued our unexpected observaGon highlighGng funcGonal differences between naive T cells 37 

obtained from aged spleens to those obtained from peripheral lymph nodes within the same 38 

host. Specifically, T cells obtained from spleens demonstrated low viability, and reduced 39 

proliferaGon when sGmulated ex vivo, compared to T cells derived from lymph nodes. In addiGon, 40 

T cells derived from the aged spleen showed overexpression of CD39, a cell surface ATPase 41 

previously associated with metabolic stress and reduced response to vaccinaGon in T cells 42 

obtained from aged individuals5. Given that T cells could move in and out of circulaGon, migraGng 43 

into various lymphoid organs, this observaGon raised intriguing quesGons: what factors within 44 

the aged spleen microenvironment were driving these inherent ageing phenotypes in its resident 45 

T cells, and through what mechanisms? 46 

Secondary lymphoid organs (spleen and lymph nodes) play a vital role in maintaining the 47 

quiescent T cell pool and facilitaGng T cell-mediated immunity. With ageing, these organs undergo 48 

significant changes in Gssue organizaGon, cellularity, and funcGon, which compromise their 49 

capacity to sustain T cell homeostasis and acGvaGon6,7. Structural changes include internal 50 

disorganizaGon and fibrosis. In cell transfer experiments, young T cells ‘parked’ in an aged lymph 51 

node exhibit reduced levels of STAT5 phosphorylaGon, a homeostaGc signal downstream of IL7 52 

receptor, and lower survival compared to cells residing in young lymph nodes6. In response to 53 
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infecGon or vaccinaGon, an adult lymph node can expand 10-fold, whereas aged lymph nodes 54 

undergo modest expansion and never reach the same cellularity8. A similarly inferior response 55 

occurs even when young T cells are injected into an aged mouse6, suggesGng dysfuncGon of the 56 

aged lymph node stromal cells.  The spleen is organized in regions called the red pulp (RP) 57 

and white pulp (WP), separated by an interface called the marginal zone (MZ). The white pulp 58 

resembles the structure of a lymph node, containing T cell and B cell zones, while the red pulp 59 

primarily funcGons to filter blood and recycle iron from senescent red blood cells, a task 60 

predominantly carried out by red pulp macrophages9. FuncGonal deterioraGon of red pulp 61 

macrophages with ageing leads to accumulaGon of senescent red blood cells, haem, and iron 62 

deposiGons, in aged spleens10. Excess haem and iron could promote oxidaGve stress and lipid 63 

peroxidaGon11. Thus, we hypothesized that such changes in the microenvironment of the aged 64 

spleen determine the ageing phenotypes of its resident T cells.  65 

Using unbiased, whole-cell proteomics, we discovered heightened expression of stress- 66 

and inflammaGon-associated proteins in naïve T cells from aged spleens compared to young, 67 

including enzymes involved in haem catabolism and iron storage. Exposure to the aged spleen 68 

microenvironment or haem induced this disGncGve protein signature and hinder proliferaGon in 69 

young T cells. We found that T cells survived in the aged spleen's harsh condiGons through 70 

resistance to ferroptosis, a cell death pathway driven by iron and reacGve oxygen species (ROS); 71 

Both aged T cells and young T cells exposed to the aged spleen microenvironment exhibited 72 

enhanced survival upon ferroptosis inducGon compared to control young T cells.  MechanisGcally, 73 

ferroptosis resistance stemmed from depleted labile iron pools, leading to compromised 74 

proliferaGon.  In vivo supplementaGon of aged mice with labile iron improved T cells response to 75 

vaccinaGon.  76 

  77 
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Results 78 

The aged spleen microenvironment induces T cell dysfunction 79 

To investigate the impact of tissue microenvironment ageing on its resident T cells while 80 

controlling for differences arising from changes in the T cell population's composition, we purified 81 

naïve CD4+ T cells (CD4+CD25-CD62L+CD44lo) from the spleen and lymph nodes (LNs) of aged (21-82 

23 months old) C57Bl/6 mice and analysed their response to activation ex vivo (Fig. 1A). 83 

Significant functional differences were identified as aged T cells collected from spleens showed 84 

lower viability (Fig. 1B) and reduced proliferative capacity (Fig. 1C, 1D), compared to aged T cells 85 

residing in LNs. Expression levels of early activation markers (CD69, CD25) and the central co 86 

stimulatory molecule (CD28) were not substantially different (Extended data Fig. 1A-C). 87 

Importantly, naïve T cells derived from the spleen or LNs of young mice did not differ in their 88 

response to activation, demonstrating comparable viability and proliferation (Extended data Fig. 89 

1D,E).  CD39 is expressed on dysfunctional and exhausted T cells 5,12.  Our analysis discovered a 90 

site-specific regulation of CD39 expression. CD39 levels were significantly higher in T cells derived 91 

from the spleen compared to LNs in both young and aged mice (Fig. 1E, 1F). The fact that this 92 

differential expression was more pronounced in aged T cells, suggested that signals inducing 93 

CD39 upregulation in the spleen microenvironment were exacerbated with ageing.  To 94 

directly examine whether exposure to the aged spleen milieu, in vivo, was sufficient to induce 95 

functional defects, young T cells (tdTomato+) were transfused intravenously into young or aged 96 

recipients. 2-3 weeks following cell transfer, recipient mice were sacrificed, CD4+ T cells were 97 

harvested from their spleens and lymph nodes and analysed by flow cytometry (Figures 1G and 98 

Extended data Fig. 1F show experimental design and gating strategy, respectively).  Young CD4+ 99 

T cells residing in aged spleens showed a significant increase in cell size (Fig. 1H), and elevated 100 

CD39 levels (Fig. 1I). Observed differences in CD39 expression maintained after activation 101 

(Extended data Fig. 1G-H). Moreover, in response to ex vivo stimulation, young CD4+tdTomato+ 102 

T cells parked in the aged spleens proliferated less than T cells purified from the LNs of the same 103 

host, or from a young host (Fig. 1J, 1K). Together, these results show that the microenvironment 104 

within the aged spleen promotes T cell dysfunction.  105 

 106 
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T cells in the aged spleen are expressing high levels of proteins closely associated with stress 107 

and inflammation  108 

To identify T cells’ cellular response to the aged spleen microenvironment, we performed whole-109 

cell, label-free proteomics analysis of pure naive CD4+ T cells collected from the spleens of young 110 

and aged mice. Cells were immediately processed or stimulated ex vivo for 24 hr prior to protein 111 

extraction, peptide degradation and analysis by LC-MS/MS (Fig. 2A). The dynamic changes of over 112 

3800 proteins were determined (Extended data Table 1). According to principal component 113 

analysis (PCA), the largest changes in protein composition were induced by activation (PCA1 114 

represents 54% of the variance and separates between 0 and 24 hr). Age accounted for 17.2% of 115 

the variance (PCA2, separating young and aged T cells; Fig. 2B). 692 proteins were differentially 116 

expressed between young and aged T cells post-activation. 84% of those were higher in young T 117 

cells (Fig. 2C). In agreement with previous studies showing metabolic defects in aged T cells 13,14, 118 

pathway enrichment analysis highlighted multiple metabolic pathways that were significantly 119 

over-represented in young vs aged T cells, including: one-carbon metabolism, purine and 120 

pyrimidine metabolism, and amino acids metabolism (Fig. 2D). We further identified enrichment 121 

of proteins involved in DNA replication and protein translation (Fig. 2D), in agreement with the 122 

deficient growth and proliferation of aged T cells (Fig. 1). Despite their naïve identity and the 123 

strict sorting parameters of naïve T cells, 330 proteins were differentially expressed between 124 

naïve young and aged T cells (Fig. 2E). 87% of them were overrepresented in aged T cells and 125 

were enriched with proteins closely associated with activation, proinflammation, and stress 126 

responses (Fig. 2F). Most proteins over-expressed in aged naïve T cells are normally induced by 127 

activation in young T cells, as demonstrated by the overlap between the two protein groups (Fig. 128 

2G). Thus, despite expressing surface markers characteristic of naïve T cells, the proteome of 129 

aged T cells suggest engagement in multiple stress responses. Many of these proteins remained 130 

higher in aged T cell even after activation (Extended data Fig. 2A), suggestive of enduring and 131 

inherent changes in the aged T cells. To identify specific pathways induced in aged naive T cells 132 

compared to young, we performed pathway enrichment analysis of the top 100 differentially 133 

expressed proteins. This analysis highlighted proteins associated with haem metabolism and 134 

degradation (Fig. 2H). Haem is catabolized by haem oxygenase 1 (HMOX1 or HO-1) to generate 135 
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carbon monoxide (CO), biliverdin, and labile iron. Excess iron is stored in cells within the cavity of 136 

ferritin, a globular hollow protein composed of 24 subunits of two types: ferritin H (FTH1) and 137 

ferritin L (FTL). Biliverdin is further reduced to bilirubin by biliverdin reductase (BLVRB) (Fig. 2I). 138 

All these proteins were significantly elevated in aged naïve CD4+ T cells compared to young (Fig. 139 

2H). Overexpression of HO-1 (Fig. 2J, 2K) and ferritin (Fig. 2L, 2M) was further verified by flow 140 

cytometry. We postulated that all T cells residing in the aged spleen were similarly exposed to 141 

any age-related signals. Indeed, qPCR analysis comparing bulk CD3+ T cells from the spleens of 142 

young and aged mice was performed, indicating increased expression of Ho-1 (Extended data Fig. 143 

2B), the two genes encoding for biliverdin reductase isozymes: Blvra and Blvrb (Extended data 144 

Fig. 2C-D, respectively), and the two ferritin subunits: Ftl and Fth1 (Extended data Fig. 2E,F) in 145 

aged T cells.  Haem makes an interesting candidate when looking for a deleterious signal that is 146 

specifically affecting T cells in the aged spleen and not LNs, as it is directly connected to the spleen 147 

being a site of senescent red blood cells (RBC) removal and iron recycling by red pulp 148 

macrophages 9. 149 

 150 

T cells in the aged spleen microenvironment are exposed to toxic haem and iron depositions 151 

Following our observations of site-specific T cell dysfunction (Fig. 1) and the identification of the 152 

intracellular response to haem (Fig. 2) we investigated whether aged T cells were indeed exposed 153 

to high haem concentrations in vivo by quantifying haem in the splenic microenvironment and 154 

its resident T cells. We detected elevated levels of haem in CD3+ T cells isolated from aged spleens 155 

(intracellular haem; Fig. 3A), and in the interstitial fluid enriched fraction derived from aged 156 

spleens compared to young (extracellular haem; Fig. 3B). The interstitial fluid enriched fraction 157 

of aged spleens further contained higher levels of secreted unconjugated bilirubin, a product of 158 

haem degradation (Fig. 3C). To directly test whether exposure to an aged spleen 159 

microenvironment in vivo was sufficient to induce the protein signature of aged T cells (Fig. 2), 160 

young T cells derived from tdTomato transgenic mice were transferred into young and aged 161 

recipients. After 2-3 weeks, the mice were sacrificed and CD3+ T cells were purified and analysed 162 

by flow cytometry, gating on tdTomato+ T cells (Fig. 3D). Strikingly, young T cells residing in the 163 

aged spleen but not lymph nodes significantly upregulated the FTH1 subunit of ferritin (Fig. 3E, 164 
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3F) and HO-1 (Fig. 3G, 3H).  With ageing, the spleen infrastructure becomes compromised, and 165 

the borders between the red pulp and white pulp become less clear (Fig. 3L, and 15). The white 166 

pulp is surrounded by marginal zone macrophages, that can be identified by expression of CD169 167 

(also known as Sialoadhesin or Siglec1). Immunohistochemical analysis of CD169 expression 168 

further affirmed the observed loss of tissue organization, and compromised separation between 169 

the two regions in aged spleens (Fig. 3M). Our H&E staining identified brown depositions in aged 170 

spleen tissues (Fig. 3L). Previous studies determined those were iron-rich aggregates, indicative 171 

of high iron load in the aged spleen, due to inefficient recycling of senescent red blood cells in 172 

the aged tissue 10. Thus, we applied the Prussian Blue method to detect iron depositions in the 173 

spleen. As previously reported, the signal was higher in aged tissues, and could be detected also 174 

inside white pulp areas (Figure 3N).  Together, these data suggest that failure of senescent red 175 

blood cell recycling in the aged spleen, together with loss of tissue organization expose T cells to 176 

a potentially toxic microenvironment, enriched with haem and iron depositions. In agreement, 177 

addition of the interstitial fluid enriched fraction of an aged spleen (SE) to young T cells in culture 178 

promoted cell death, in a dose-dependent manner. The cells survived significantly better in SE 179 

derived from young mice (Extended data Fig. 3A). Addition of Desferoxamine (DFO), an iron 180 

chelator, partially rescued cell viability, in cells treated with high concentrations of aged SE (1:4 181 

dilution in growth media; Fig. 30, 3P). 182 

 183 

Haem drives ageing-like phenotypes in young T cells 184 

To examine whether haem itself could drive T cell dysfunction, CD3+ T cells were purified from 185 

spleens of young mice and stimulated using plate bound anti-CD3/anti-CD28 antibodies, in the 186 

presence of haem, with or without bovine serum albumin (BSA), which binds and sequesters 187 

haem and its by-products16.  Cell viability was reduced in cells exposed to haem at high 188 

concentration, and partially rescued by addition of BSA (Fig. 4A,B). Moreover, haem inhibited T 189 

cell proliferation and its effect was almost completely reversed by addition of BSA (Fig. 4C,D). 190 

BSA further rescued proliferation in T cells incubated with high concentrations of SE (1:4 dilution 191 

in culture media; Extended data Fig. 4A,B). Haem degradation products regulate T cell 192 

functions17,18. To test whether exposure to haem itself could impair T cells activation, T cells were 193 
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treated with haem in combination with tin-protoporphyrin (SnPP), an HO-1 inhibitor. SnPP 194 

caused proliferation arrest even under lower concentrations of haem (50µM; Fig. 4E).  Moreover, 195 

exposure to haem was sufficient to induce CD39 levels in young T cells (Fig. 4F, 4G). Like 196 

proliferation arrest, CD39 expression was directly induced by haem, as addition of SnPP caused 197 

an even greater boost in CD39 levels (Fig. 4H, 4I). Thus, exposure of young T cells to haem caused 198 

multiple phenotypes seen in T cells residing in an aged spleen, in vivo.  Haem and iron 199 

accumulate in the aged spleen due to inefficient recycling of senescent red blood cells (RBC) and 200 

increased probability for red blood cell lysis within the tissue10. This could lead to an increase in 201 

extracellular ATP accumulation, a potent proinflammatory, danger signal that regulates T cell 202 

function19,20. CD39, together with an additional ectonucleotidase, CD73, convert ATP to ADP, 203 

AMP and adenosine21. Like CD39, CD73 levels were significantly upregulated in aged, spleen-204 

derived T cells compared to young (Extended data Fig. 4C). Moreover, young TdTomato+ T cells 205 

that were transferred into an aged host overexpressed CD73 compared to TdTomato+ T cells 206 

transferred into a young host (Extended data Fig. 4D). In agreement, LC-MS analysis of the 207 

interstitial-fluid enriched fraction (SE) derived from young and aged spleens, showed an increase 208 

in ATP and adenosine levels in aged SE (Extended data Fig. 4E). Accumulation of extracellular 209 

adenosine suppresses T cell activation22,23, offering a potential mechanism for T cell dysfunction 210 

within the aged spleen microenvironment. However, aged T cells exhibited defects in 211 

proliferation, even when removed from the aged spleen. This raised the question: What lasting 212 

cellular impacts stem from exposure to the aged spleen microenvironment? 213 

Haem is a potent inducer of reactive oxygen species (ROS) 24. Indeed, T cells exposed to haem 214 

showed an increase in cellular ROS, which was completely abolished by BSA (Fig. 4J,K).  Addition 215 

of the antioxidant N-acetyl cysteine (NAC) improved cell viability (Fig. 4L,M) and proliferation 216 

(Fig. 4N), suggesting that haem-induced ageing phenotypes in young T cells were partly mediated 217 

by ROS. Similarly, NAC improved cell viability and proliferation of T cells cultured with SE 218 

(Extended data Fig. F-H).  219 

Excessive ROS promotes lipid peroxidation and cell death by ferroptosis11. In agreement, lipid 220 

peroxidation was elevated in T cells exposed to haem, and rescued by BSA (Fig, 4O,P). Taken 221 

together, these results suggested that haem accumulation in the aged spleen microenvironment 222 
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induced oxidative stress in T cells and could lead to cell death by ferroptosis. Yet, to our surprise, 223 

neither BSA nor NAC improved survival or proliferation in aged T cells (Extended data Fig. 4I, J, 224 

respectively). Moreover, quantification of lipid peroxidation in aged T cells compared to young 225 

showed no apparent difference (Fig. 4Q). Thus, components accumulating in the aged spleen 226 

microenvironment and specifically haem, induce ROS, lipid peroxidation, cell death and 227 

proliferation arrest in young T cells. Yet, aged T cells residing in the aged spleen seem to be 228 

resistant to lipid peroxidation and they do persist in vivo. We thus hypothesized that aged T cells 229 

developed mechanisms that allowed them to survive the hostile microenvironment of the aged 230 

spleen. 231 

 232 

T cells residing in the aged spleen develop resistance to ferroptosis 233 

To survive in an aged spleen, resident T cells would need to develop resistance to ferroptosis. To 234 

test this hypothesis, CD3+ T cells were isolated from spleens of young and aged mice and treated 235 

with RSL3 ((1S,3R)-RSL3), a compound that induces ferroptosis by inhibition of glutathione 236 

peroxidase 4.  Exposure to RSL3 promoted cell death in young T cells, and was counteracted by 237 

Ferrostatin or Liproxstatin, two commercially available inhibitors of ferroptosis (Extended data 238 

Fig. 5A). Strikingly, aged T cells survived this treatment significantly better than young T cells, 239 

even at high RSL3 concentrations (Fig. 5A). Furthermore, T cells derived from aged spleens 240 

survived RSL3 treatment significantly better than T cells derive from LNs of the same donors (Fig. 241 

5B) and were the population most resistant to lipid peroxidation following RSL3 treatment (Fig. 242 

5C). 243 

To examine if young T cells exposed to the aged spleen microenvironment developed resistance 244 

to ferroptosis, we first examined how exposure to the interstitial-fluid enriched fraction of the 245 

aged spleen (SE) ex vivo affected young T cells response to RSL3 (Fig. 5D).  Strikingly, addition of 246 

SE to cell culture increased young T cells resistant to RSL3-induced ferroptosis by nearly two folds 247 

(from 18.2% to 35.7% survival: Fig. 5E, 5F).   The outcomes of exposing young T cells to RBC 248 

lysate were like those of SE: We found a dose-dependent reduction in viability of T cells exposed 249 

to RBC lysate (Extended data Fig. 5B). Cell that survived this treatment were resistant to 250 

ferroptosis (Fig. 5G, 5H and S5C) and lipid peroxidation (Fig. 5I, 5J), suggesting that red blood cells 251 
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could be the source of the signal promoting ferroptosis resistance.  252 

Finally, to directly test whether exposure to the spleen microenvironment in vivo was sufficient 253 

to induce ferroptosis resistance in its resident T cells, we performed adoptive cell transfer of 254 

TdTomato+ T cells from young donors into young or aged recipients. 2-3 weeks following cell 255 

transfer, recipient mice were sacrificed, CD3+ T cells were collected from the spleen and lymph 256 

nodes, and the response of TdTomato+ T cells to RSL3 was analysed (Fig. 5K). Strikingly, the T cells 257 

most resistant to ferroptosis were those derived from the aged spleen. In most aged mice (4 out 258 

of 5), T cells derived from the spleen were more resistant to ferroptosis compared to T cells 259 

derived from the LNs (Fig. 5L). Together, these results show that T cells residing in the aged spleen 260 

adapt to their microenvironment by becoming resistant to ferroptosis. 261 

 262 

Aged T cells fail to induce labile iron pools for activation 263 

We hypothesized that ferroptosis resistance was accomplished by maintaining low cellular iron 264 

levels. To measure changes in labile iron in T cells following activation, we employed 265 

FerroOrange, a fluorescent probe that interacts with cellular ferrous ions (Fe+2). In young T cells, 266 

labile iron pools increased as early as 9 hr post-activation and continued rising until 72 hrs (Fig. 267 

6A). In agreement with our hypothesis, aged T cells failed to properly increase cellular iron 268 

following activation (Fig. 6B, 6C). Notably, this age-related drop in labile iron pools was more 269 

pronounced in CD4+- compared to CD8+- T cells, although both cell populations had lower iron 270 

compared to young cells. FerroOrange MFI dropped 30% in aged CD4+ T cells compared to young, 271 

and 15% in aged CD8+ T cells (Fig. 6D). To avoid iron overload, an increase in cellular labile iron is 272 

often accompanied by upregulation of ferroportin, the only known iron exporter 25. While 273 

baseline levels of ferroportin were comparable between aged and young T cells (Extended data 274 

Fig. 6A), upon activation, ferroportin levels were lower in aged T cells, consistent with their 275 

diminished induction in labile iron pools (Fig. 6E). A major pathway for increasing cellular iron is 276 

the uptake of transferrin-bound iron, mediated by the transferrin receptor (TFR1), also known as 277 

CD71. Young T cells upregulated CD71 immediately upon activation (Extended data Fig. 6B, and 278 
26). In agreement with observed differences in labile iron, CD8+ T cells expressed higher levels of 279 

CD71 compared to CD4+ T cells, and only CD4+ T cells downregulated CD71 with ageing (Fig. 6F). 280 
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To further connect low cellular iron to ferroptosis resistance, we reanalysed the adoptive transfer 281 

experiment (injecting young TdTomato+ T cells into young and aged hosts) shown in figure 5G, 282 

to assess ferroptosis resistance in specific T cell populations derived from the aged spleen. 283 

Strikingly, CD4+ T cells were more resistant to RSL3-induced ferroptosis compared to CD8+ T cells. 284 

This was seen in both TdTomato+ T cells (young T cells residing in the aged spleen; Fig. 6G) and 285 

TdTomato- T cells (aged endogenous T cells; Fig. 6H). To further establish the causal relation 286 

between ferroptosis resistance, iron uptake and cellular labile iron pools, young T cells were 287 

activated in media supplemented with increasing concentrations of RBC lysate. Activation 288 

induced iron uptake, and cells cultured in low levels of RBC lysate increased cellular iron pools 289 

even more, in agreement with RBC lysate being a rich source of iron. However, as the 290 

concentration of added RBC lysate increased, labile iron pool was reduced (Fig. 6I), together with 291 

a prominent downregulation of CD71 (Fig. 6J). Our findings highlight depletion of labile iron pools 292 

as a mechanism to resist ferroptosis in the aged spleen microenvironment. 293 

 294 

Iron supplementation rescued vaccination responses in aged T cells  295 

Iron is essential for DNA synthesis and replication. Hence, we hypothesized that iron deficiency 296 

impairs proliferation in aged cells (as demonstrated in Fig. 1). To examine our hypothesis, we first 297 

tested whether labile iron pools in aged T cells could be replenished by supplementing them with 298 

ferric ammonium citrate (FAC), an iron derivative that bypasses transferrin receptor. Aged T cells 299 

were activated ex vivo in the presence of FAC. Analysis of cellular iron levels using FerroOrange 300 

verified that FAC increased labile iron pools in treated aged T cells (Fig. 7A, 7B). Additional 301 

indications of increased iron content were the downregulation of CD71 (Extended data Fig. 7A) 302 

and upregulation of ferroportin (Extended data Fig. 7B) in T cells supplemented with FAC.303 

 To examine whether iron supplementation could rescue proliferation in aged T cells, cells were 304 

stimulated ex vivo in the presence of FAC or iron saturated transferrin (holo-transferrin). Both 305 

treatments led to a significant improvement in proliferative capacity compared to non-treated 306 

aged T cells (Fig. 7C, 7D). In young T cells, iron supplementation did not affect proliferation (Fig. 307 

7E), suggesting that iron was not a limiting factor in these cells. In agreement, iron 308 

supplementation increased EDU incorporation in activated aged but not young T cells (Extended 309 
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data Fig. 7C). Young T cells ‘parking’ in an aged spleen for 2-3 weeks showed ferroptosis 310 

resistance (Fig. 5H) and impaired proliferation (Fig. 1H). Similar to our observations regarding 311 

endogenous young and aged T cells, iron supplement did not affect proliferation of young T cells 312 

residing in young spleens, but it significantly improved proliferation of young T cells residing in 313 

aged spleens (Extended data Fig. 7D-G).   314 

The connection between iron availability and T cells response to vaccination was confirmed in a 315 

recent study using hepcidin-induce iron deficiency. T cells response to vaccination was 316 

diminished in mice treated with hepcidin and rescued by in vivo administration of FAC 27.  We 317 

took a similar approach to test whether iron supplementation could improve T cells response to 318 

vaccination in aged mice. T cells with a known antigen specificity against ovalbumin (OVA) were 319 

isolated from transgenic young mice and injected into aged recipients. Each mouse received a 320 

mixture of OVA-specific OTI (CD8+CD45.1+) and OTII (CD4+TdTomato+) T cells. 3 weeks following 321 

cell transfer, recipient mice were vaccinated intraperitoneally with OVA emulsified in Alum 322 

adjuvant. Control mice were injected with saline.  FAC was administered to vaccinated mice 323 

intravenously on days 1 and 3 following vaccination. Mice were sacrificed on day 5, and T cell 324 

content in the spleen was analysed by flow cytometry (Fig. 7F). Iron supplementation post 325 

vaccination, at times of high iron demand, improved proliferation of antigen specific CD4+ T cells 326 

(OTII; Fig. 7G, 7H). The proliferation of antigen specific CD8+ T cells was not significantly affected 327 

by FAC administration (Fig. 7I, 7J), in agreement with our data showing that these cells were less 328 

prone to iron deficiency (Figure 6). 329 

 330 

Discussion 331 

Ageing manifests as a varied process among individuals and across disGnct Gssues within the 332 

same individual. Ageing in different Gssues could differ in pace and propensity, and includes 333 

alteraGons in Gssue structure and cellularity, changes in transcripGon profile, and proteome 28-30. 334 

Immune cells, including T lymphocytes are unique in the way that they are not limited to one 335 

Gssue and instead are required to adapt to changes in their immediate microenvironment as they 336 

populate different Gssues. Such adaptaGon is manifested by changes in the cells’ metabolic 337 

phenotype as T cells reshape their metabolism depending on the specific condiGons and available 338 
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resources in their host Gssue. These include ad-hoc adaptaGons at a site of inflammaGon or within 339 

a solid tumour, and homeostaGc adaptaGons of Gssue resident lymphocytes to the specific 340 

condiGons in their host Gssue31. Our study shows how ageing processes in specific Gssues shape 341 

the ageing trajectory of its resident T cells (Figure 1) and provide a new driving mechanism for 342 

known phenotypes of aged T cells, including reduced viability and low proliferaGve capacity. We 343 

found that exposure to the aged spleen microenvironment, enriched with senescent red blood 344 

cells and the products of their uncontained lysis, induces an adapGve response in T lymphocytes, 345 

manifested in an upregulaGon of proteins mediaGng the catabolism of haem and storage of excess 346 

iron (Figures 2,3). Ex vivo studies further highlight haem as a potent driver of T cell ageing 347 

phenotypes, as culturing young T cells in the presence of haem was sufficient to induce the in 348 

vivo observed phenotypes of elevated CD39 expression, reduced viability, and low proliferaGon 349 

(Figure 4). We further show that these all are purposeful adapGve changes that enable T cells to 350 

survive the hosGle milieu of the aged spleen and resist ferroptosis, as aged T cells derived from 351 

spleens are significantly more resistant to treatment with ferroptosis inducers, such as RSL3 352 

(Figure 5). MechanisGcally, we show that T cells resist ferroptosis by restricGng cellular labile iron 353 

pools (Figure 6). Iron is criGcal for DNA synthesis and iron deficiency is expected to inhibit 354 

proliferaGon, a known phenotype of age-related T cells dysfuncGon. Indeed, we show that 355 

addiGon of iron improves aged T cells proliferaGon in response to vaccinaGon (Figure 7).  356 

 This study began with the isolaGon of pure naive T cells from young and aged mice. Given 357 

our interest in exploring age-driven changes in cellular metabolism, we sought to ensure 358 

comparability by uGlizing known cell surface markers (CD25, CD62L, CD44) to purify naïve T cells. 359 

However, our findings demonstrate that cells collected from an aged spleen are not truly naïve as 360 

their proteome indicates cellular stress and inflammaGon.  Many of the proteins overexpressed 361 

in aged ‘naïve’ T cells, remained significantly elevated in aged compared to young T cells, even 362 

aZer acGvaGon. These include proteins involved with protein maturaGon and folding, stress, 363 

inflammaGon, and T cells effector funcGons. Thus, our findings support inherent loss of 364 

proteostasis, in agreement with studies showing accumulaGon of misfolded proteins 32,33, 365 

reduced acGvity of proteolyGc systems, like the proteasome 34 and autophagy 35, and altered 366 

chaperone expression 36 in aged T cells. Loss of proteostasis in spleen’s resident T cells is further 367 
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supported by their increased cell size (37, Fig. 1). One potenGal mechanism could be mediated by 368 

ROS, as previous studies connect oxidaGve stress to alteraGons in proteostasis in aged cells 38,39,  369 

and we show that exposure to haem induces robust ROS producGon in T cells.   370 

IntervenGons to rejuvenate T cell funcGons act on different modules of the proteostasis 371 

network. Those include inducers of autophagy and lysosomal acGvity, like mTOR inhibitors 40,41, 372 

Meyormin 42,43, and spermidine 35, resulGng in improved T cell responses and a6enuated 373 

inflammaGon. Our study suggests that to some extent, these alteraGons in proteostasis could 374 

reflect adaptaGon to the aged microenvironment. Under such circumstances, rejuvenaGng these 375 

machineries could potenGally expose the cells to toxic signals. For example, we found that 376 

developing resistance to ferroptosis is crucial for surviving in the aged spleen. We further show 377 

that T cells residing in the aged spleen are iron deficient despite high intracellular ferriGn levels, 378 

suggesGve of inability to release iron from its ferriGn cage by ferriGnophagy, a selecGve type of 379 

autophagy. We postulate that by avoiding ferriGnophagy aged T cells avoid iron overload and 380 

ferroptosis, a mechanism previously described in senescent cells 44. Thus, combining therapies to 381 

improve proteostasis with intervenGons that reduce iron overload and haem accumulaGon in the 382 

aged spleen, could prevent lymphocytes loss by ferroptosis.    383 

Haem is the reacGve centre of mulGple metal-based proteins. However, free haem has 384 

toxic properGes like its ability to intercalate biological membranes, due to its hydrophobic nature, 385 

and the presence of the Fe-atom, which can drive ROS producGon through the Fenton reacGon. 386 

Haem scavenging is mediated by different factors, including hemopexin, low-density lipoproteins, 387 

high-density lipoproteins, and serum albumin 16. Albumin is the most abundant protein in the 388 

serum. With ageing, albumin levels are dropping 45,46 alongside changes in its binding capacity 389 
47,48. AdministraGon of recombinant albumin prolonged lifespan and health span in mice 48.  Our 390 

studies show that BSA miGgates the negaGve effects of haem and spleen extracellular 391 

components on T cells. In addiGon to its ability to sequester haem and its by-products49, albumin 392 

could protect cells from ferroptosis by increasing cellular cysteine levels 50. Another strategy for 393 

reducing haem and iron toxicity in the aged spleen is through a life-long iron restricted diet. As 394 

demonstrated by a recent study, reducing iron consumpGon preserved the funcGon of red pulp 395 

macrophages, maintaining their ability to clear senescent erythrocytes and recycle iron through 396 
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old age. In agreement, the spleens of iron-restricted aged mice had low amounts of haem, and 397 

iron deposiGons compared to their age-matched controls 10. AddiGonal studies are required to 398 

test if and how this dietary intervenGon will affect spleen resident lymphocytes. 399 

 T cells residing in the aged spleen, and T cells acutely exposed to red blood cell lysate 400 

become resistant to ferroptosis. Our results suggest that this is mediated, in part, through 401 

restricGon of labile iron pools, by reducing expression of transferrin receptor and upregulaGng 402 

ferriGn; A mechanism supported by previous studies 51,52. However, other mechanisms could 403 

induce ferroptosis resistance in response to exposure to red blood cell lysate. Red blood cells are 404 

highly enriched in redox regulaGng enzymes (such as peroxiredoxin 2, glutathione peroxidase, 405 

catalase, and superoxide dismutase), and small molecule anGoxidants (like α-tocopherol, 406 

glutathione, and ascorbic acid). It is possible that during an unregulated breakdown of red blood 407 

cells, some of these factors are released into the microenvironment, benefiGng neighbouring cells 408 

by protecGng against oxidaGve damage and ferroptosis 53. Red blood cells further contain high 409 

concentraGons of IL-33 54. When poured into the microenvironment, IL-33 could induce 410 

ferroptosis resistance through the ATF3/SLC7A11 axis 55. These compounds could be present in 411 

the intersGGal-fluid enriched fracGon of aged spleens, explaining its ability to promote ferroptosis 412 

resistance. 413 

 CD39 marks dysfuncGonal CD4+ T cells in human peripheral blood 5. We found that what 414 

induces CD39 overexpression on aged T cells is exposure to the milieu of the aged spleen. 415 

Moreover, while previous studies suggested that elevaGon of CD39 was mediated by the by-416 

products of haem degradaGon: bilirubin 56 and CO 57, our use of an HO-1 inhibitor indicated that 417 

haem itself is a potent inducer of CD39 in aged T cells. We postulate that haem mediated CD39 418 

expression is part of a regulatory mechanism that counteracts inflammatory signals in the aged 419 

spleen, and together with iron regulaGon, suppresses proliferaGon of aged T cells. HaemolyGc 420 

condiGons in the aged spleen pour ATP into the microenvironment 20,58,59. Extracellular ATP serves 421 

as a danger signal indicaGve of Gssue damage, and induces proinflammatory signals, such as the 422 

inflammasome19. CD39, together with CD73 (both found to be elevated on T cells residing in the 423 

aged spleen) mediate the breakdown of ATP to adenosine which inhibits T cell proliferaGon 21. 424 
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Similarly, this pathway plays a central role in mediaGng immunosuppression within the tumour 425 

microenvironment 60.  426 

Our studies suggest a new approach for improving adapGve immunity in elderly, by 427 

targeGng the hosGle milieu of the aged spleen. We propose that reducing haem and iron toxicity 428 

in the aged spleen will alleviate T cell immunity and could improve immunosurveillance and 429 

everyday protecGon. We overcame the deleterious effect of the aged spleen by supplemenGng 430 

with iron, a relaGvely straight forward intervenGon in the context of vaccinaGon, as we can 431 

anGcipate the Gmes in which iron is most needed. In opposed to chronic iron supplementaGon 432 

that could exacerbate iron accumulaGon in the Gssue. Beyond ageing, these findings offer insight 433 

into potenGal mechanisms underlying other pathological scenarios involving haemolyGc  stress 434 

and accompanied by T cell dysfuncGon, such as sepsis 61, and sickle cell anaemia 62. 435 

  436 
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Methods 437 

Mice. Young (7–10 weeks old) and aged (20-23 months old) C57BL/6JOlaHsd female mice were 438 

purchased from Envigo (Israel). For ageing experiments, retired breeders were purchased at 8 439 

months and housed at the Technion animal facility for additional 12-15 months. Transgenic 440 

C57Bl/6 Rosa26tdTomato/+OTII mice were kindly received from Dr. Ziv Shulman (The Weizmann 441 

Institute of Science). C57Bl/6.SJLPtprcaPep3b;Ly5.1-Tg(TcraTcrb)1100Mjb/J (CD45.1 OTI) 442 

transgenic mice were kindly received from Dr. Michael Berger (The Hebrew University).  All mice 443 

were housed in specific pathogen-free conditions at The Technion Pre–Clinical Research 444 

Authority and used in accordance with animal care guidelines from the Institutional Animal Care 445 

and Use Committee. 446 

T cell isolation and culture. T cells were harvested from mice spleens and lymph nodes (inguinal, 447 

axillary, brachial, mandibular, and jejunal), and purified by magnetic separation to obtain bulk 448 

CD3+- or CD3+CD4+ T cells or naïve (CD3+CD4+CD62L+CD44loCD25-) T cells, using commercially 449 

available kits (StemCell). For isolating naïve T cells from aged mice, biotinylated anti-450 

mouse/human CD44 (103004, biolegend), and biotinylated anti-mouse CD25 (130-049-701, 451 

Miltenyi Biotech) were added to the company’s premade antibody cocktail for negative selection 452 

of naive T cells, followed by a positive selection of CD62L+ naïve T cells on a magnetic column. 453 

Primary T cells were cultured at 37 °C and 5 % CO2 in RPMI media, supplemented with: 10 % FBS, 454 

10mM Hepes, penicillin/streptomycin, and 0.035 % beta-mercaptoethanol. For activation, cells 455 

were cultured on plates pre-coated (overnight at 4°C) with anti-CD3 (2 μg/mL; BioXcell BE0001-456 

1) and anti-CD28 (4 μg/mL; BioXcell BE0015-1). Resting cells were supplemented with 5 ng/ml 457 

recombinant murine IL-7 (Peprotech 217-17-10). In some experiments, T cell cultures were 458 

supplemented with hemin chloride, ammonium iron (III) citrate, BSA, or a spleen interstitial fluid-459 

enriched fraction.  460 

Collection of spleen interstitial fluid-enriched fraction (referred to as SE). Spleens from young 461 

or aged mice were harvested, and gently dissociated on a 70mM cell strainer, in 5mL PBS or RPMI, 462 

followed by a 5 min centrifugation at 1350 RPM, to separate cellular pellet from fluidic fraction, 463 

enriched with interstitial components. 464 
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Red blood cell isolation and lysate. Whole blood was collected from mice via cardiac puncture 465 

into MiniCollect EDTA tubes (Greiner, 450531), diluted 1:1 in PBS, and subjected to 466 

leukoreduction using Hystopaque (Sigma, 10771) at 400g, without brake, for 30 minutes at room 467 

temperature. Red blood cell pellets were lysed by 4 freeze/thaw cycles.  468 

Flow cytometry. For cell-surface staining, T cells were suspended in a separation buffer (PBS 469 

containing 2 % FBS and 2 mM EDTA) and incubated for 20 min, on ice, with an antibody mix, 470 

supplemented with purified anti-mouse CD16/32. For intracellular staining, True-Nuclear™ 471 

Transcription Factor Buffer Set was used, following the manufacturer’s protocol. Staining for 472 

ferrous iron was done by incubation with 1µM of FerroOrange (dojindo) in HBSS at 37°C for 30 473 

minutes in 5% CO2. Lipid peroxidation was assessed using BODIPY™ 581/591 C11 (Invitrogen), 5 474 

µM in PBS at 37°C 5% CO2 for 30 minutes, or Liperfluo (dojindo) following the manufacturer 475 

instructions. Intracellular ROS was measured using by DCFDA / H2DCFDA - Cellular ROS Assay Kit 476 

(Abcam) according to the manufacturer’s instructions. All data were collected on the Attune NxT 477 

Flow Cytometer (Thermo Fisher) and analysed using FlowJo (BD). 478 

A full list of flow cytometry reagents and antibodies: 479 

Antibody Source Catalog number 
Ferroportin/SLC40A1 novus biologicals 21502 
Alexa Fluor 647-AffiniPure Donkey Anti-Rabbit IgG (H+L)  Jackson 711-605-152 
Alexa Fluor® 488 AffiniPure™ Goat Anti-Rabbit IgG (H+L) Jackson 111-545-144 
Alexa Fluor® 488 anti-mouse CD45.1 Biolegend 110717 
Alexa Fluor® 647 anti-mouse CD39 Biolegend 143807 
Alexa Fluor® 700 anti-mouse CD62L Biolegend 104426 
APC anti-mouse CD4 BioLegend 100412 
APC anti-mouse CD8a BioLegend 100712 
Brilliant Violet 421™ anti-mouse CD3 BioLegend 100227 
Brilliant Violet 421™ anti-mouse CD4 BioLegend 100438 
Brilliant Violet 421™ anti-mouse CD71 Antibody Biolegend 113813 
Brilliant Violet 421™ anti-mouse CD8a Antibody Biolegend 100737 
Brilliant Violet 510™ anti-mouse CD4 Biolegend 100449 
Brilliant Violet 510™ anti-mouse CD69 Antibody Biolegend 104531 
Brilliant Violet 510™ anti-mouse/human CD44 Biolegend 103043 
Brilliant Violet 605™ anti-mouse CD69 BioLegend 104529 
FITC anti-mouse CD25 Antibody Biolegend 102005 
FITC anti-mouse CD28 Biolegend 122007 
FITC anti-mouse CD3 BioLegend 100203 
FITC anti-mouse CD4 BioLegend 100406 
FITC anti-mouse CD73 Biolegend 127219 
FITC anti-mouse CD8a BioLegend 100706 
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PE anti-mouse CD25 Antibody Biolegend 102007 
PE anti-mouse CD3  BioLegend 100206 
PE anti-mouse CD39 BioLegend 143804 
PE anti-mouse CD4  BioLegend 100407 
PE anti-mouse CD45.1 Biolegend 110707 
PE anti-mouse CD69 BioLegend 104508 
PerCP anti-mouse CD4 Antibody Biolegend 100537 
PerCP anti-mouse CD45 Biolegend 103129 
Purified anti-mouse CD16/32  Biolegend 101302 
Recombinant Rabbit Anti-Ferritin (FTH1) Abcam  ab75973 
Recombinant Rabbit Anti-Haem Oxygenase 1(HO-1) Abcam ab52947 

 480 

Untargeted, whole-cell Proteomics. Naïve T cells (CD4+CD62LhiCD44loCD25-) were purified from 481 

young and aged mice spleens. Cell pellets were frozen immediately or after 24 hr stimulation, 482 

followed by protein extraction and digestion. 2 μg protein per sample were analysed by LC-483 

MS/MS on Q-Exactive plus (ThermoFisher). Collected data were processed using Maxquant 484 

(1.6.17.0; Mathias Mann, Max Planck Institute) and identified against the mouse proteome 485 

(Uniprot database (Jan 2020)), and a decoy database. Statistical analysis was performed using 486 

Perseus (1.6.14.0). Pathway enrichment analysis was performed using GSEA (Broad Institute and 487 

UC Sn Diego). 488 

Adoptive T cell transfer. Young T cells were isolated from spleens of young C57Bl/6 489 

Rosa26tdTomato/+ or C57Bl/6 Rosa26tdTomato/+OTII or CD45.1 OTI transgenic mice (8-12 weeks- old) 490 

by magnetic isolation (StemCell). 5X106 cells were transferred i.v., into wild type C57Bl/6 young 491 

or aged recipients.   492 

Histology. Spleens harvested from young and aged mice were fixed with 4 % PFA, processed in 493 

Tissue Processor (Leica TP1020, Germany), paraffin embedded, and sectioned (4µm; Leica 494 

RM2265 Rotary Microtome, Germany).  Sections were stretched on a warm 37 °C water bath, 495 

collected into slides, and dried at 37 °C overnight. Sections were processed for H&E and Prussian 496 

blue staining. Slides were scanned by 3DHistech Panoramic 250 Flash III and visualized using the 497 

CaseViewer software (3DHISTECH). 498 

Immunohistochemistry. Tissue dissection, fixation, embedding, and sectioning was performed 499 

as previously described63, and stained with AF647 anti-CD169 (Biolegend). Imageing was 500 

performed using an LSM710 AxioObserver microscope. 501 
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Quantitative, real-time PCR (qPCR). Total RNA was extracted and from CD3+ T cells, using 502 

QuickRNA Micro prep Kit (ZYMO RESEARCH).  cDNA was synthesized using the High-Capacity 503 

cDNA RT kit (Applied Biosystem). Quantitative PCR was run on QuantStudio™ 3 Real-Time PCR 504 

System, 96-well (Applied Biosystem), using Fast SYBR Green Master Mix (Applied Biosystems).  505 

Primers used: Blvra, F- AAGATCCCGAACCTCTCTCT, R: TTATCAAGGCTCCCAAGTTCTC; Blvrb, F: 506 

AAGCTGTCATCGTGCTACTG, R: CAGTTAGTGGTTGGTCTCCTATG; Fth1, F: 507 

CGTGGATCTGTGTCTTGCTTCA, R: GCGAAGAGACGGTGCAGACT; Hmox1, F: 508 

GTTCAAACAGCTCTATCGTGC, R: TCTTTGTGTTCCTCTGTCAGC; Rps18, F: 509 

CCGCCATGTCTCTAGTGATCC, R: GGTGAGGTCGATGTCTGCTT, 510 

Vaccination and in vivo iron supplementation. Young T cells were isolated from 511 

Rosa26tdTomato/+OTII or CD45.1 OTI transgenic mice by magnetic separation, and equally mixed at 512 

a 1:1 ration.  A total of 4M cells were inoculated by tail vein injection into wild-type C57Bl/6 513 

young or aged recipients. 3 weeks follow cell transfer, recipient mice were injected 514 

intraperitoneally (i.p.) with OVA albumin (vac-stova; InvivoGen) adsorbed in 40% Alum adjuvant 515 

(Alu-Gel-S; SERVA) or with 0.9% saline. On days 1 and 4 following vaccination, some mice received 516 

i.v. injections of ferric ammonium citrate (Ammonium iron(III) citrate, brown (Thermo Fisher); 517 

900µg/mouse). Mice were sacrificed on day 5 following vaccination, the spleens were harvested 518 

and analysed by flow cytometry to quantify OTII tdTomato+ and OTI CD45.1+ T cells. 519 

Sta8s8cal analysis. Was Performed using the Prism soZware. 520 
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Figure 1: The aged spleen microenvironment induces T cell dysfunction.
(A-D) (A) Scheme of experimental design. Naïve T cells (CD4+CD25-CD62L+CD44lo) were purified from the spleen or 
peripheral lymph nodes (LNs) of aged mice (20-22 months old). The cells were kept in two separate pools and stimulated ex 
vivo for 48 hr using plate bound anti-CD3/anti-CD28. (B) Cell viability, analyzed by flow cytometry. (C) Quantitation (D) a 
representative FACS histogram demonstrating cell proliferation, detected by dilution of CellTrace Violet. (E) Quantification, and 
(F) a representative FACS histogram showing CD39 expression on T cells isolated from the spleen and LNs of young (8
weeks old) and aged mice, analyzed by flow cytometry. (G) Scheme of experimental design for T cell adoptive transfer. Young
T cells derived from TdTomato+ transgenic mice were transfused into young or aged C57Bl/6 wild type recipients. After 2-3
weeks, recipient mice were sacrificed, and CD4+ T cells purified from the spleen and LNs for analysis of (H) cell size and (I)
CD39 expression by flow cytometry. (J, K) A portion of the cells were loaded with CellTrace violet, and stimulation for 48 hr, to
assess proliferation. Each data point represents an individual mouse. (*p<0.05, **p<0.01; paired student’s t test when
comparing cells derived from spleen and LNs of the same mouse, and unpaired student’s t test when comparing values across
age groups). Each panel shows representative data of at least 2 independent experiments.
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Figure 2: T cells in the aged spleen are expressing high levels of proteins closely associated with stress and inflammation.
(A) Experimental scheme. Naïve CD4+ T cells were sorted from the spleen of young (n=3) and aged mice (n=3 pools of 2 mice) and were 
either immediately frozen or stimulated ex vivo using plate bound anti-CD3/anti-CD28 antibodies prior to protein extraction and digestion. The 
peptide pool from each sample was analyzed by LC-MS/MS. (B) Principal component analysis. (C) Volcano plot showing differences in 
protein levels between activated young and aged T cells. Green signifies statistical significance. (D) Pathways enriched among proteins 
significantly overrepresented in young vs aged T cells following activation. (E) Volcano plot showing differences in protein levels between 
naive young and aged T cells. Green signifies statistical significance. (F) Pathways enriched among proteins significantly overrepresented in 
aged vs. young naïve T cells. (G) Venn Diagram showing overlap between proteins overexpressed in aged naïve T cells and those elevated 
with young T cell activation. (H) Heatmap summarizes proteins associated with heme metabolism and detoxification, elevated in aged naïve T 
cells compared to young. (I) Key proteins involved in heme catabolism. (J) Analysis of HO-1 Mean fluorescent intensity (MFI; Geometric 
Mean). (K) a representative plot. (L) Analysis of FTH Mean fluorescent intensity, and (M) a representative plot. Bar graphs represent mean ± 
SEM. Data points represent single mice (*P<0.05, ***P<0.001; unpaired student’s t-test).
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Figure 3: T cells residing in the aged spleen are exposed to toxic heme and iron depositions.
Spleens were excised from young and aged mice. (A) Heme content was calorimetrically quantified intracellularly, 
in isolated CD3+ T cells. The interstitial-fluid enriched fraction was used to quantify (B) heme and (C) bilirubin 
levels in the tissue microenvironment. (D) Scheme of experimental design. Young T cells derived from transgenic 
mice ubiquitously expressing TdTomato were transferred into young or aged C57Bl/6 wild type recipients. After 
2-3 weeks, recipient mice were sacrificed. CD3+ T cells were purified from the spleen and lymph nodes, and 
stimulated for 48 hr ex vivo, prior to analysis by flow cytometry to quantify (E,F) FTH and (G,H) HO-1 expression 
levels by flow cytometry. (L) H&E processed paraffin sections of spleens derived from aged and young mice 
(RP:red pulp; WP:white pulp; MZ: marginal zone). (M) representative images of frozen spleen sections stained 
with anti-CD169 to mark MZ macrophages. (N) Spleen paraffin sections from aged and young mice, processed 
by Prussian Blue method to detect ferric iron depositions in the spleen. (O) Young T cells were treated with aged 
spleen’s interstitial-fluid enriched fraction (SE) in high concentrations ± desferoxamine (DFO), an iron chelator. 
Cell viability was quantified by flow cytometry, using Zombie Aqua staining. (P) Representative flow plots. Bar 
graphs represent mean ± SEM. Data points represent single mice (*P<0.05, ***P<0.001, ****P<0.0001; paired 
student’s t test when comparing cells derived from spleen and LNs of the same mouse, and unpaired student’s t 
test when comparing values across age groups). Each panel shows representative data of at least 2 independent 
experiments. Panels A-C shows pooled data from 3 independent experiments.
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Figure 4: Heme promotes aging-like phenotypes in young T cells.
Young T cells were loaded with CellTrace Violet (CTV), cultured in media supplemented with heme ± bovine serum albumin (BSA) for 
48 hr, and analyzed by flow cytometry to assess (A,B) cell viability and (C, D) proliferation. Gn indicates number of cell divisions.  
Statistics was calculated on cells treated with heme compared to heme+BSA or control cells.  (E) A representative plot showing 
proliferation of cells treated with heme ± tin protoporphyrin IX (SnPP), an HO-1 inhibitor. (F,G) Analysis of CD39 expression levels in 
young T cells treated with heme. (H, I) Analysis of CD39 expression levels in cells treated with heme ± SnPP. (J,K) 
dichlorodihydrofluorescein diacetate (DCFDA) was used to quantify ROS in young T cells cultured in media supplemented with heme 
± BSA for 48 hr. Young T cells were cultured with heme± NAC for 48 hr and analyzed by flow cytometry to assess (L, M) viability and 
(N) proliferation. (O,P)  Analysis of BODIPY fluorescence intensity, as an indication of lipid peroxidation in young T cells treated with
heme ± BSA. (Q) Analysis of lipid peroxidation using the liperfluo reagent in young and aged T cells. Bar graphs represent mean ±
SEM. Data points represent individual mice (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; unpaired student’s t-test, comparing each
treatment to control cells, unless otherwise indicated). Each panel shows representative data of at least 2 independent experiments.
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Figure 5: T cells residing in the aged spleen develop resistance to ferroptosis.
T cells were purified from the spleens of young or aged mice and treated with increasing concentrations of RSL3. (A) Cell 
survival was quantified using the Zombie Aqua reagent, by flow cytometry. (B) Analysis of ferroptosis resistance (calculated 
as in A), and (C) lipid peroxidation (assessed using the Liperfluo dye) in young and aged T cells derived from spleens and 
lymph nodes. (D) Experimental scheme: Young CD3+ T cells were cultured ex vivo in the presence of RSL3 ± an aged 
spleen’s interstitial-fluid enriched fraction (SE) or red blood cell (RBC) lysate for 16 hr, following analysis by flow cytometry. 
(E-H) Analysis of cell viability under the different conditions. (I) quantitation and (J) a representative plot showing lipid 
peroxidation in response to RSL3 treatment ± RBC lysate. (K) Schematic of experimental design. Adoptive cell transfer was 
performed as described in Figure 1G. Purified T cells were cultured for 16 hr with RSL3 prior to analysis by flow cytometry to 
assess (L) ferroptosis resistance of transferred TdTomato+ T cells, analyzed as the relative viability in 0.2 vs 0 M RSL3. Bar 
graphs represent mean ± SEM. Data points represent single mice (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; paired 
student’s t test when comparing cells derived from spleen and LNs of the same mouse, and unpaired student’s t test when 
comparing values across age groups or treatments). Each panel shows representative data of at least 2 independent 
experiments.
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Figure 6: Aged T cells are iron deficient.
(A) Young T cells were stimulated ex vivo using plate bound anti-CD3/anti-CD28. Cells were collected at different times post-
activation) and loaded with Ferro-Orange, for detection of labile iron. (B) Kinetic changes in labile iron levels in young and aged T 
cells following activation. (C) a representative plot depicting differences in Ferro-Orange intensity at 72 hr post-activation. (D) 
Activation-induced differences in Ferro-Orange intensity in young vs aged CD4+ and aged CD8+ T cells. (E) Activation-induced 
differences in Ferroportin expression in young and aged CD4+ vs CD8+ T cells. (F) Analysis of CD71 (transferrin receptor 1) 
expression levels in young and aged T cells, following activation. (G, H) Re-analysis of experiment described in Fig. 5G, showing 
differences in ferroptosis resistance between Transferred (TdTomato+; G) and endogenous (TdTomato- ; H) CD4+ and CD8+ T 
cells. (I, J) Young T cells were activated ex vivo in media containing increasing doses of red blood cell (RBC) lysate. Labile iron 
(Ferro Orange; I) and CD71 expression (J) were analyzed by flow cytometry. Line graphs represent mean ± SEM. Data points 
(D,E,G,H) represent single mice . (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; B,D,E,F: unpaired student’s t-test; G-H: paired 
student’s t-test; I-J: unpaired student’s t-test, comparing each condition to control cells).
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Figure 7: Iron supplementation rescued vaccination responses in aged T cells. 
(A) Ferro-Orange fluorescent intensity was quantified in young and aged T cells, and aged T cells supplemented with ferric ammonium citrate 
(FAC). (B) A representative plot shows intensity shift in labile iron content in aged T cells after supplementation with FAC. (C-E) young or aged T 
cells were loaded with CellTrace Violet and stimulated ex vivo with and without supplementation of FAC or holo transferrin, prior to analysis of 
proliferation. (C, D) analysis of aged T cells. (E) analysis of young T cells. (F) Schematic of experimental design. Aged C57Bl/7 wild type mice were 
inoculated with transgenic T cells bearing a known antigen specificity against ovalbumin (OVA). Each mouse was injected with a 1:1 mixture of OTII 
(TdTomato+CD4+) and OTI (CD45.1+CD8+) T cells. After two weeks, recipient mice were vaccinated with OVA/adjuvant intraperitoneally. Control 
mice received saline. On days 1 and 3 post-vaccination, vaccinated mice received i.v. infusions of FAC or saline. The mice were sacrificed on day 5 
post-vaccination and T cell content in the spleen was analysed. (G) Quantitation and (H) a representative plot showing percentage of OTII+ T cells. 
(I) Quantitation and (J) a representative plot showing percentage of OTI+ T cells. Line graphs represent mean ± SEM. Data points (A,G,I) represent 
single mice . (*P<0.05, **P<0.01; unpaired student’s t-test).
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