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Abstract

Recent thymic emigrants (RTEs) that fail post-positive selection maturation are also targeted by 

complement proteins. T cells likely acquire complement-resistance during maturation in the 

thymus, a complement-privileged organ. To test this, thymocytes and fresh serum were separately 

obtained and incubated together in vitro to assess complement deposition. Complement binding 

decreased with development and maturation. Complement binding decreased from the double 

positive (DP) thymocyte to the single positive (SP) stage, and within SP thymocytes, complement 

binding gradually decreased with increasing intra-thymic maturation. Binding of the central 

complement protein, C3, to WT immature thymocytes required the lectin but not the classical 

pathway. Specifically, MBL2 but not MBL1 was required, demonstrating a unique function for 

MBL2. Previous studies demonstrated that the loss of NKAP, a transcriptional regulator of T cell 

maturation, caused peripheral T cell lymphopenia and enhanced complement susceptibility. To 

determine whether complement causes NKAP-deficient T cell disappearance, both the lectin and 

classical were genetically ablated. This blocked C3 deposition on NKAP-deficient T cells but 

failed to restore normal cellularity, indicating that complement contributes to clearance but is not 

the primary cause of peripheral T cell lymphopenia. Rather, the accumulation of lipid peroxides in 

NKAP-deficient T cells was observed. Lipid-peroxidation is a salient feature of ferroptosis, an 

iron-dependent non-apoptotic cell death. Thus, WT thymocytes naturally acquire the ability to 

protect themselves from complement targeting by MBL2 with maturation. However, NKAP 

deficient immature peripheral T cells remain scarce in complement-deficient mice likely due to 

ferroptosis.
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Introduction:

The complement system is an integral component of innate immunity and consists of soluble 

protein fragments and complexes found in the circulation (1–4). Although initially thought 

to be predominantly important for host defense by aiding in antibody-mediated clearance of 

pathogens, it is now well-appreciated that functions of the complement system extend to 

tissue homeostasis, immune response modulation, and elimination of unwanted or dying 

cells (5, 6). Complement activation relies on interplay between multiple soluble proteins, 

and receptors via three main mechanisms – the classical, alternative, and lectin pathways (2). 

These pathways converge at the C3 (complement component 3) convertase, which catalyzes 

formation of effector molecules, opsonins and anaphylatoxins by enzymatic fragmentation 

of C3. This leads to outcomes such as phagocytosis of microbial targets, modulation of 

immune cell activation, and clearance of host antigens generated via apoptotic or necrotic 

processes (2, 4). Classical complement pathway can be initiated by antibody-dependent, or 

antibody-independent C1q-mediated mechanisms. On the other hand, lectin pathway 

activation depends on the collectin family of molecules including mannose-binding lectins 

(MBL) and ficolins. These molecules recognize and bind specific glycosylation patterns 

such as mannose residues, which are predominantly found on bacterial cell walls (7, 8). 

Lastly, the alternative pathway is spontaneously activated leading to membrane attack 

complex (MAC) formation in the absence of regulatory molecules (4). Multiple factors 

determine the activity of complement proteins including inhibitory molecules, glycosylation 

patterns on the cell surface, and accessibility of tissues to complement proteins (9).

The thymus is a complement-privileged organ, as the deletion of a complement inhibitor 

encoding gene, complement receptor 1-related (Crry) gene, leads to peripheral T cell 

lymphopenia mediated by complement attack while thymic cellularity is maintained; there is 

no evidence of complement deposition on thymocytes when analyzed directly ex vivo (10). 

Glycosylation patterns change as thymocytes progress through development in the thymus 

(11). There is a gradual increase in cell surface sialylation due to increasing expression of 

sialic acid transferases (12–15). Increasing sialylation masks exposed mannose residues on 

developing thymocytes (11, 16). Sialylation is required to prevent complement activation as 

demonstrated by enzymatic stripping of sialic acid by neuraminidase resulting in 

complement activation and cell death (17). Taken together, these observations suggest that T 

cells gain resistance to complement prior to egress into blood, which contains complement 

proteins. Previously, we have shown that the transcriptional regulator NKAP is required for 

T cell maturation (15, 18). NKAP-deficient thymocytes fail to upregulate α−2,8 

sialyltransferases (15, 19). Peripheral T cells lacking NKAP are opsonized by complement 

proteins and eliminated at the recent thymic emigrant (RTE) stage, further indicating that 

complement resistance is gained intrathymically as part of T cell maturation (15).
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In this study, we directly tested whether resistance to complement is gained during thymic T 

cell maturation. Susceptibility of thymocytes to complement as a function of maturation and 

contribution of complement proteins in mediating disappearance of NKAP-deficient T cells 

was investigated. To circumvent restricted access of the thymus to complement (10), freshly 

harvested WT thymocytes were incubated with freshly isolated serum in vitro and assessed 

for complement binding. C3 and C4 deposition on thymocytes was inversely proportional to 

development and maturation. Deposition required the lectin pathway while the classical 

pathway was dispensable. Specifically, MBL2 was required for C3 and C4 deposition while 

MBL1 was not. Finally, ablation of both the classical and lectin pathways (C1q KO MBL1 

MBL2 double KO) was needed to prevent C3 deposition on NKAP-deficient mature naïve T 

cells (MNTs) in the periphery, but failed to restore normal naïve T cell percentages and 

absolute numbers in CD4-cre NKAP cKO mice, suggesting another mode of cell death as 

the primary cause of T cell lymphopenia. Increased lipid peroxidation in NKAP-deficient 

cells indicated ferroptosis, a form of regulated cell death driven by reactive oxygen species 

(ROS) derived from iron metabolism. Overall, this study is the first to provide evidence that 

thymocytes gain resistance to the lectin pathway of complement deposition as a function of 

increasing thymic T cell maturation, and that the death of NKAP-deficient T cells is driven 

by ferroptosis, followed by complement-mediated clearance.

Materials and Methods:

Mice:

C57BL6, C1q knock out (KO), C3 KO, MBL1/MBL2 dKO mice were obtained from the 

Jackson Laboratory. NKAP fl mice (28) were interbred with MBL1/MBL2 dKO mice or 

CD4-cre NKAP cKO mice (19) to create MBL1/MBL2 dKO CD4-cre NKAP cKO mice. 

CD4-cre NKAP cKO mice were crossed to C1q KO mice to generate C1q KO CD4-cre 

NKAP cKO mice. C1q KO CD4-cre NKAP cKO were interbred with MBL1/MBL2 dKO 

CD4-cre-NKAP cKO mice to generate C1q KO MBL½ dKO CD4-cre NKAP cKO mice. 

MBL1/MBL2 dKO mice were outbred to generate MBL1 KO and MBL2 KO mice. Mice 

between 6–10 weeks of age were used for all the experiments.

Flow Cytometry:

For complement deposition experiments, freshly harvested wildtype (6–10 week old) 

thymocytes were incubated in freshly isolated sera in GVB++ buffer (Complement 

Technology) at a 1:5 (serum:GVB++) ratio for one hour at room temperature. Serum was 

isolated by bleeding mice (6–10 week old) retro-orbitally, incubating blood at room 

temperature to allow coagulation followed by centrifugation at 8000 rpm. Cells were washed 

with FACS buffer and stained with fluorescent-conjugated cell surface antibodies against 

CD4 (1:500 dilution, clone RM4–5 or GK1.5), CD8 (1:500 clone 53–6.7 or 2.43), CD24 

(1:1000, clone M1/69) and CCR7 (1:100, clone 4B12,) (Biolegend, eBioscience and Tonbo) 

and biotinylated antibodies for complement C1q (1:100), complement C3 (1:200) and 

complement C4 (1:500) (Cedarlane). Surface stain of CCR7 was performed for 30 minutes 

at 37° C followed by washing and staining of other surface antigens on ice for 30 minutes 

and washing to remove unbound antibodies. Secondary stain was performed with PE 

(1:1000) or APC (1:1000) conjugated streptavidin (Biolegend and eBioscience) and 
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unbound antibodies were washed. All experiments included fixable viability dye (Tonbo) for 

analysis of live cells. Stained cells were analyzed using an Attune NxT flow cytometer 

(Thermofisher). Data was analyzed using FlowJo (Tree Star) 9.8 or 10. For analysis of all 

experiments, doublets were excluded based on forward and side scatter, and dead cells 

positive for fixable viability dye were also excluded. For mannose inhibition of C3 

deposition, freshly isolated WT sera was first treated for 5 minutes with mannose (Sigma-

Aldrich) at various concentrations and incubated with WT thymocytes as described above. A 

large range of dilutions of mannose was used to determine whether low levels of mannose 

could impose a block on C3 deposition. These concentrations did not alter osmotic potential 

of cells as determined using forward and side scatter of total thymocytes.

Analysis of cell stress and death:

Freshly harvested splenocytes were cell surface stained on ice followed by incubation with 

fluorescent-conjugated Annexin-V in Annexin-V binding buffer for 10 minutes at room 

temperature (Biolegend) immediately or following a one-hour incubation at 37˚ C in RPMI 

1640 media (Corning) supplemented with 10% fetal bovine serum and 1 μM BODIPY-C11 

(ThermoFisher). For examination of Liperfluo (Dojindo Molecular technologies) positivity, 

freshly harvested splenocytes were incubated with 10 μM LiperFluo (resuspended in 1% 

DMSO) in HBSS for 30 minutes at 37˚ C. Cells were then washed and surface stained. To 

examine the impact of ferroptosis inhibitors on lipid peroxidation, total splenocytes were 

incubated with 100 μM alpha-tocopherol (Millipore Sigma) and/or 10 μM Ferrostatin-1 

(Millipore Sigma) for 15 minutes followed by staining with 1 μM BODIPY-C11 for 1 hour. 

Cells were then washed and surface stained. For intracellular protein detection, cells were 

fixed and permeabilized (Tonbo TNB-0607-KIT) and stained with fluorescent-conjugated 

antibodies against Bcl2 and Cleaved Caspase-3 (Biolegend and Cell Signaling). For 

determining intracellular GPX4 expression, cells were surface stained, fixed and 

permeabilized (BD 558049 and 558050), and stained with primary antibody against GPX4 

(Abcam) followed by anti-rabbit secondary antibody (SouthernBiotech). For cellular dyes, 1 

μM YO-PRO1 Iodide (ThermoFisher) was added and splenocytes were stained on ice for 30 

minutes followed by cell surface staining. MitoTracker, MitoSOX, TMRM, CellROX, and 

ThiolTracker dyes (all from ThermoFisher) were added at 50 nM, 5 μM, 100 nM, 5 μM, and 

10 μM, respectively. Data was analyzed as above using flow cytometry methods.

Western blot analysis of complement proteins:

Mouse sera were diluted 500-fold in sample buffer and boiled before loading on gels. 

Blotting was performed overnight at 4 degrees with the following antibodies: 0.4 μg/ml 

rabbit anti-C3 (Abcam ab200999), 0.1 μg/ml goat anti-MBL1 (R&D Systems AF2077), 0.1 

μg/ml goat anti-MBL2 (R&D Systems AF2208), and 0.4 μg/ml rabbit anti-Transferrin 

(Abcam ab82411). Proteins were then detected by incubation for 1 hour at room temperature 

with horseradish peroxidase coupled secondary antibodies at 0.1 μg/ml, using either goat 

anti-rabbit IgG (Southern Biotech 4050) or donkey anti-goat IgG (Southern Biotech 6420). 

All antibodies were diluted in tris buffered saline with 3% bovine serum albumin. Bands 

were detected on film with ECL Pro reagent (Perkin Elmer).
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Statistical Analysis:

All statistical analysis involved enumeration of absolute cell counts or MFI, calculation of 

standard error of the mean, and statistical significance using one-way ANOVA (GraphPad 

Prisim software) for multiple comparisons.

Results:

Susceptibility to complement binding decreases as post-positive selection maturation 
increases.

NKAP-deficient T cells have a defect in post-positive selection maturation, as peripheral T 

cells lacking NKAP are both phenotypically and functionally immature (15, 18). 

Furthermore, NKAP-deficient T cells are opsonized by complement proteins in the 

periphery and eliminated at the recent thymic emigrant (RTE) stage suggesting that 

complement resistance is gained as part of T cell maturation. In contrast, complement 

factors do not bind to NKAP-deficient thymocytes when directly assessed ex vivo (15). This 

suggests that the thymus is a complement privileged organ with restricted access to 

complement proteins. To circumvent restricted access of the thymus to complement (10) and 

to directly assess whether complement susceptibility of thymocytes decreases with 

maturation, freshly harvested WT thymocytes were incubated with serum in vitro and 

assessed for complement binding. The binding of C1q, C4 and C3 to double positive (DP), 

CD8 single positive (SP), CD4 SP, CD4 semi-mature (SM), CD4 mature 1 (M1) and CD4 

mature 2 (M2) WT thymocytes was assessed by incubating with serum from WT mice in 
vitro (Figure 1). Deposition of C1q, C3 and C4 decreased as T cell development and 

maturation progressed. In particular, there was almost no complement deposition on M2 

thymocytes, the most mature SP cells that are licensed to egress. Thus, thymocytes become 

resistant to complement prior to egress from the thymus.

The lectin pathway is necessary and sufficient for C3 and C4 deposition.

Relative contributions of the lectin and the classical complement pathways to C3 deposition 

on thymocytes were examined. These two pathways converge at C4 (Figure 2A). The C3 

convertase, C4bC2a, formed via activation of either the lectin or the classical pathway 

enables C3 deposition. Sera from C1q knock out (KO), MBL1/MBL2 double KO (dKO) and 

C3 KO mice were examined for their ability to deposit C1q, C3 and C4 on thymocytes. 

Absence of C3, MBL1 and MBL2 in sera was confirmed by western blot (Supplement 

Figure 1). Sera were isolated from WT, C1q KO, MBL1/MBL2 dKO as well as C3 KO 

mice, and individually incubated with WT thymocytes (Figure 2B–E, gating strategy in 

Supplementary Figure 2). Compared to WT thymocytes incubated with sera from WT mice, 

WT thymocytes incubated with sera from MBL1/MBL2 dKO mice lacked C3 and C4 

deposition while C1q deposition was intact. WT thymocytes incubated with sera from C3 

KO mice was used as a negative control (Figure 2B). The extent of C3 binding on WT 

thymocytes incubated with sera from C3 KO mice was comparable to WT thymocytes 

incubated with sera from MBL1/MBL2 dKO mice ruling out the alternative pathway and 

demonstrating that the lectin pathway is necessary for complement deposition on 

thymocytes (Figure 2B, D). Loss of C1q from sera did not prevent C3 and C4 deposition on 

WT thymocytes (Figure 2C) demonstrating that the classical pathway is not required. 
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Further, pre-incubation of sera that are WT mice with mannose abrogated C3 deposition, 

indicating that soluble mannose binds mannose-binding molecules in sera were responsible 

for C3 deposition (Figure 2F).

MBL2 is required for C3 and C4 deposition and MBL1 is dispensable.

Mice express two highly homologous MBL genes (MBL1 and MBL2), which are thought to 

be redundant in function (20). Sera from either MBL1 KO or MBL2 KO mice were 

incubated with WT thymocytes (Figure 3, gating strategy in Supplementary Figure 3). Sera 

from MBL1 KO mice led to similar levels of C3, C1q and C4 deposition on WT thymocytes 

as WT sera (Figure 3A–C). On the other hand, WT thymocytes incubated with sera from 

MBL2 KO mice exhibited negligible C3 and C4 deposition, similar to WT thymocytes 

incubated with C3 KO sera, while C1q binding was unaffected (Figure 3A–D). Thus, 

although MBL1 and MBL2 are thought to be redundant (20), MBL2 is required for C3 

deposition on thymocytes while MBL1 is not.

Disruption of the lectin and classical pathways prevents C3 deposition, but does not 
rescue survival of NKAP-deficient naïve T cells.

The transcriptional regulator NKAP is critical for T cell maturation (15, 18). The majority of 

NKAP-deficient naïve peripheral T cells are recent thymic emigrants (RTEs). Very few 

NKAP-deficient mature naïve T cells (MNTs) remain and exhibit significant deposition of 

complement proteins C1q, C3 and C4 on their cell surface. Deletion of the classical pathway 

by crossing C1q KO and CD4-cre NKAP cKO mice did not restore the number or percent of 

naïve CD4 T cells to normal (Fig 4A, 4B) or prevent deposition of C3 on CD4+CD62L
+CD44−CD45RB+ MNTs (Figure 4C, gating strategy shown in Supplement Figure 4). Given 

the observation that MBL2 was required for complement deposition on immature 

thymocytes incubated with serum, we next examined whether deficiency of the lectin 

pathway could rescue naïve T cell numbers in CD4-cre NKAP cKO mice by preventing C3 

deposition on MNTs. MBL1/MBL2 dKO mice were crossed to CD4-cre NKAP cKO mice 

to ablate the lectin pathway. In the absence of both MBL proteins, C3 deposition still 

occurred on NKAP-deficient MNTs, in stark contrast to the observations made with 

developing thymocytes (Figure 4C). The elimination of both classical and lectin pathways 

by crossing CD4-cre NKAP cKO mice to C1q KO MBL1/MBL2 dKO mice was required to 

prevent C3 deposition on NKAP-deficient MNTs (Figure 4C). Despite prevention of C3 

binding, there were no enhancement of naïve peripheral NKAP-deficient T cell proportions 

or numbers (Figure 4A, 4B). In addition, peripheral T cell numbers and proportions were not 

rescued when C3 KO mice were crossed to CD4-cre NKAP cKO mice. Thus, complement 

proteins likely act as a clearance mechanism of NKAP-deficient peripheral T cells rather 

than the primary cause of cell death.

NKAP-deficient naïve T cells have increased lipid peroxidation, a defining feature of 
ferroptosis.

In order to determine the underlying cause for peripheral T cell deficiency in CD4-cre 

NKAP cKO mice, additional mechanisms of cell death and mitochondrial health were 

examined in CD4+CD62L+CD44− naïve T cells from WT, CD4-cre NKAP cKO and C1q 

KO MBL1/MBL2 dKO CD4-cre NKAP cKO mice (Figure 5). Levels of Bcl2 expression 
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and cleaved caspase-3 were equivalent in CD4+CD62L+CD44− naïve T cells from mice of 

all three genotypes (Figure 5A). Binding of YO-PRO-1, a large dye that indicates presence 

of pores in the cell membrane (21), was also unchanged for all three genotypes (Figure 5B). 

Parameters of mitochondrial and cellular health, including presence of mitochondrial 

superoxide (MitoSOX), intact mitochondrial membrane potential (TMRM), cellular 

oxidative stress (CellROX) and mitochondrial content (MitoTracker) were examined. 

However, there were no notable differences between naïve T cells from WT, CD4-cre NKAP 

cKO, or C1q KO MBL1/MBL2 dKO CD4-cre NKAP cKO mice (Figure 5C). Although 

there is no difference in percentage of apoptotic (Annexin V+) or dead (FVD+) cells within 

freshly harvested and stained naïve T cells from CD4-cre NKAP cKO mice compared to WT 

mice (18), after 1 hour in culture at 37° C, live naïve T cells from CD4-cre NKAP cKO and 

C1q KO MBL½ KO CD4-cre NKAP cKO mice were slightly decreased in frequency, but 

this was not significant (Figure 5D). Finally, ferroptosis, a form of regulated cell-death 

caused by dysregulated iron metabolism was analyzed. Iron-overload results in lipid 

peroxidation, the defining characteristic of ferroptosis (22–27). Live naïve T cells from 

CD4-cre NKAP cKO and C1q KO MBL1/MBL2 dKO CD4-cre NKAP cKO mice had 

significantly increased lipid peroxidation as measured using C11-BODIPY 581/591, a 

lipophilic fluorescent molecule that shifts fluorescence when oxidized after reaction with 

peroxyl radicals (Figure 5E). Similarly, Liperfluo, another lipophilic ROS sensor indicated 

increased hydroxyl-peroxides present in NKAP-deficient T cells from complement-sufficient 

and deficient backgrounds (Figure 5F). To examine whether lipid peroxidation was 

reversible, WT, CD4-cre NKAP cKO and C1q KO MBL1/MBL2 dKO CD4-cre NKAP cKO 

naïve CD4 T cells were treated with alpha-tocopherol (αToc), the most abundant form of 

vitamin E and a lipid soluble antioxidant (26–28). Naïve CD4 T cells from CD4-cre NKAP 

cKO and C1q KO MBL1/MBL2 dKO CD4-cre NKAP cKO mice showed a significant 

decrease in oxidation of C11-BODIPY compared to untreated cells indicating a reduction in 

lipid peroxidation (Figure 5G). Next, the ferroptosis inhibitor Ferrostatin-1 was used to 

assess mitigation of lipid peroxidation (28). Similar to treatment with αToc, Ferrostatin-1 

treated naïve CD4 T cells from CD4-cre NKAP cKO and C1q KO MBL1/MBL2 dKO CD4-

cre NKAP cKO mice showed a significant decrease in oxidation of C11-BODIPY compared 

to untreated cells indicating decreased lipid peroxidation. Treatment of naïve CD4 T cells 

from WT, CD4-cre NKAP cKO and C1q KO MBL1/MBL2 dKO CD4-cre NKAP cKO with 

αToc and Ferrostatin-1 further reduced accumulation of lipid peroxides indicating 

synergistic anti-oxidant effects of both inhibitors of ferroptosis. Previously, αToc and 

Ferrostatin-1 were shown to reverse ferroptosis stemming from genetic ablation of GPX4 in 

CD4 T cells (27). Glutathione peroxidase 4 (GPX4) limits ferroptosis and T cell specific 

GPX4 deletion does not hinder T cell development but results in increased lipid peroxidation 

and peripheral T cell lymphopenia as a result of ferroptosis (27). However, GPX4 expression 

and intracellular glutathione levels, a substrate of GPX4, did not differ between naïve T cells 

from WT, CD4-cre NKAP cKO and C1q KO MBL1/MBL2 dKO CD4-cre NKAP cKO 

mice, suggesting ferroptosis independent of GPX4 (Figure 5H).
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Discussion:

Our data demonstrates that murine thymocytes gradually gain resistance to complement 

proteins as C3, C4 and C1q deposition decreases with increasing T cell maturation (Figure 

1). Cumulatively, these results provide evidence that complement resistance is achieved 

during maturation in the complement-privileged thymus and prior to T cell egress into 

blood, which harbors complement proteins. Mechanistically, the lectin pathway is required 

for C3 and C4 deposition on thymocytes while the classical pathway is dispensable 

suggesting that exposed mannose residues of developing T cells underlies complement 

susceptibility (Figure 2). The lectin pathway consists of two key initiating molecules, MBL1 

and MBL2. It is known that serum MBL binds to immature BALB/c thymocytes and this 

binding decreases during development (29), but whether MBL protein binding is the primary 

determinant of C3 and C4 deposition has not been previously demonstrated. Further, C3 and 

C4 binding are dependent on MBL2 but not MBL1 (Figures 3). Although murine MBL1 and 

MBL2 are structurally homologous (20), their ability to recognize or bind to specific 

glycosylation patterns on thymocytes’ surface may vary as indicated by our data. Murine 

and primate MBL1 and MBL2 are thought to be products of a gene duplication event (20). 

While the murine MBL1 and MBL2 genes encode functional proteins that are thought to be 

redundant, in humans only MBL2 encodes a protein product and MBL1 is silenced (20). 

Whether MBL2 may interact with human thymocytes is unknown. On the other hand, the 

observation that MBL1 cannot substitute MBL2 in mice for C3 deposition on thymocytes is 

a novel finding and challenges the existing paradigm (20) that MBL1 and MBL2 are likely 

functionally interchangeable and redundant. The exclusion, of complement proteins from the 

thymus is likely important to ensure proper T cell development and maturation, as immature 

thymocytes are extremely susceptible to complement-mediated attack. However, it remains 

unclear how the thymus achieves complement exclusion, and it is unknown why the 

immature thymocyte surface remains largely desialylated until the single positive stage (11, 

15, 16).

Our data also raises the question of functional significance of complement susceptibility of 

immature T cells that egress into the periphery. One possible explanation is that complement 

proteins selectively target T cells that fail maturation. NKAP-deficient T cells exhibit a 

maturation block characterized by elimination in the periphery at the RTE and MNT stages, 

and opsonization by complement proteins (15, 18). It has previously been shown that 

stripping of sialic acids using neuraminidase renders erythrocytes susceptible to complement 

attack and consequent death, providing direct evidence of the importance of sialylation in 

complement protection (30). NKAP deficient T cells fail to upregulate sialic acid 

transferases, suggesting faulty glycosylation as the initiator of complement deposition (15). 

Previously, to determine whether absence of C3 could restore long-term survival of NKAP-

deficient T cells, Rag GFP WT and Rag GFP CD4-cre NKAP cKO derived bone marrow 

were transferred into irradiated C3 KO or WT recipients to assess kinetics of maturation in 

C3 deficient and sufficient backgrounds, respectively. Some NKAP deficient RTEs (GFP+) 

were able to transition to the MNT (GFP−) stage as higher frequencies of NKAP deficient 

MNTs (GFP−) were found in the spleen of C3 KO recipients compared to WT recipients. 

NKAP deficient RTEs also expressed increased levels of Qa2 and CD55 in C3 KO recipients 
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compared to WT recipients suggesting survival was prolonged (15). However, NKAP 

deficient RTEs were present at a higher frequency compared to WT RTEs in C3 KO 

recipients suggesting that maturation was not completely restored and transition to MNT 

stage was incomplete. Unforeseen effects of bone marrow transplantion on maturation or 

possible contribution of C3 production by hematopoietic cells could potentially halt 

transition of NKAP-deficient RTEs to MNTs. Crossing CD4-cre NKAP cKO mice to C3 KO 

mice failed to restore peripheral T cell lymphopenia, and therefore prompted us to examine 

additional mechanisms that could explain NKAP-deficient T cell paucity.

By crossing CD4-cre NKAP cKO mice to C1q KO mice, MBL½ dKO mice or C1qKO 

MBL½ dKO mice, we investigated the relative contributions of the lectin and classical 

pathways to C3 deposition on peripheral NKAP-deficient T cells. NKAP deficient T cells 

were not restored to normal frequency or numbers in any of these crosses (Figures 4, 5). In 

contrast to thymocytes incubated with serum in vitro, ablation of the lectin pathway is not 

sufficient to prevent C3 deposition on NKAP-deficient T cells in vivo. Rather, loss of both 

the classical and lectin pathway was required. Thus, combined deficiencies of C1q, MBL1 

and MBL2 prevented C3 deposition but failed to rescue naïve T cell persistence. This 

suggested that another mechanism of cell death must be the primary cause of CD4-cre 

NKAP cKO RTE and MNT clearance. However, the possibility of substitution of thrombin 

as a C5 convertase (31), or the recognition of the desialylated cell surface and engulfment by 

resident macrophages (10) as mechanism of NKAP deficient T cell clearance cannot be 

ruled out.

In this study, we used a number of assays to assess the metabolic health of NKAP-deficient 

T cells, along with alternative modes of cell death, including ferroptosis. While parameters 

of mitochondrial health and apoptosis were comparable between CD4-cre NKAP cKO, C1q 

KO MBL1 MBL2 dKO CD4-cre NKAP cKO and WT naïve T cells, levels of lipid 

peroxidation were significantly increased as assessed by two different fluorescently labeled 

lipophilic dyes. The use of BODIPY-C11 is a well-established indicator of ferroptosis, and 

Liperfluo, which becomes fluorescent due to the presence of hydroxyl-peroxides confirmed 

that NKAP-deficient T cells have significantly increased levels of lipid peroxidation (22–26, 

29). Lipid peroxidation could be reversed by the ferroptosis inhibitors αToc and 

Ferrostatin-1 providing further evidence that NKAP-deficiency leads to oxidative stress 

causing enhanced lipid peroxidation, an essential feature of ferroptosis. However, the levels 

of neither GPX4 nor glutathione (GSH), known inhibitors of ferroptosis (27, 32), were 

altered in NKAP-deficient cells. Although levels of lipid peroxidation can increase due to 

decreased GPX4 expression or decreased levels of its cofactor GSH, multiple alternative 

genetic and environmental factors independent of GPX4 and GSH, although not overt 

regulators of ferroptosis, can also influence sensitivity to ferroptosis (25). For example, DP 

thymocytes express high levels of the cysteine/glutamate transporter, or system Xc- 

(SLC7A11), but this decreases to low expression in SP thymocytes and peripheral T cells 

(Immgen database). System Xc- imports cystine into cells, which is then reduced to cysteine, 

and acts in conjunction with glutamate to produce glutathione, the cofactor for GPX4 

important for maintaining low levels of lipid peroxides and prevention of ferroptosis (25). A 

low level of system Xc- alone in peripheral T cells is not enough to induce ferroptosis in 

peripheral WT T cells, but it may synergize with NKAP deficiency to favor a ferroptotic 
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fate. Although GPX4 deletion causes peripheral T cells to undergo ferroptosis, rate limited 

enzymatic activity of GPX4, or limited GSH availability could feasibly be overwhelmed by 

other genes or environments that increase susceptibility to ferroptosis, including but not 

limited to the regulation of mitochondrial or cellular free iron abundance by iron 

transporters, or abundance of lipid peroxides by arachidonate lipoxygenases (ALOXs) (22, 

24–25). Taken together, ferroptosis is a highly complex process involving amino acid, 

glutathione and lipid metabolic pathways that are affected by several genes and 

environments (26). We propose that NKAP deficiency may prompt sensitivity to ferroptosis 

independent of the glutathione/GPX4 pathway, as our data suggests.

While it is known that complement proteins mediate clearance of apoptotic and necrotic 

cells (3), it has not been shown whether they also mediate clearance of cells undergoing 

ferroptosis. As NKAP deficient T cells in complement-deficient (combined classical and 

lectin pathways) mice undergo ferroptosis similar to complement-sufficient mice, it is likely 

that complement-mediated clearance is secondary to ferroptosis. While a causal link 

between ferroptosis and complement activation has not been established, both pathways 

have been implicated in disease settings such as cardiac and renal ischemic injuries as well 

as neurodegenerative disorders, suggesting co-occurrence (7, 24, 33). Interestingly, a recent 

study demonstrated heme-mediated complement activation on endothelial cells, raising the 

possibility that alterations in iron metabolism may precipitate complement attack (34).

Overall, this study presents an intriguing link between glycosylation, complement activation 

and ferroptosis. Our data provides evidence that T cells gain resistance to complement as a 

function of maturation in the thymus, a complement-privileged organ, and that complement 

binding to immature thymocytes is completely dependent on MBL2, After egress, WT 

thymocytes are protected from complement by their heavily sialylated cell surface. Previous 

studies by our lab demonstrated that NKAP-deficient T cells, which are less sialylated and 

immature after egress, are opsonized by complement in the periphery. Our present data 

expands on this observation and concludes that this is due to the underlying cell death 

process of ferroptosis, with complement aiding T cell clearance. The functional significance 

of MBL2’s potential interaction with developing T cells, and the mechanism by which 

NKAP increases susceptibility to ferroptosis will be investigated in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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C4 complement factor 4

C1q complement factor 1q

MBL Mannose Binding Lectin

DP Double Positive

SP Single Positive

RTE Recent Thymic Emigrant

MNT Mature Naïve T cell
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Key Points:

1. In vivo, T cell maturation entails increasing resistance to complement 

proteins.

2. In vitro, MBL2 is required for complement deposition on immature 

thymocytes.

3. NKAP-deficient T cells that fail maturation die by ferroptosis, not by 

complement.
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Figure 1. Susceptibility to complement binding decreases during thymic development and 
maturation.
(A) Examination of C1q, C3 and C4 binding on double positive (DP), CD4 single positive 

(SP), CD8 SP thymocytes after incubation with WT serum. DP thymocytes incubated 

without serum was used as a negative control. (B) Examination of C1q, C3 and C4 

complement binding on CD4 SP thymocytes divided into CD24+CCR7− SM, CD24+CCR7+ 

M1 and CD24−CCR7+ M2 populations. CD4 SP thymocytes incubated without serum was 

used as a negative control. Data is representative of 4 WT mice in total from 4 independent 

experiments.
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Figure 2. The lectin pathway is required for C3 deposition.
(A) Simplified schema of the classical and lectin pathways of complement activation; both 

pathways converge at C4 deposition. (B, C, D) Examination of C3, C1q, and C4 binding to 

wildtype (WT) DP, CD4 SM, CD4 M1, CD4 M2 cells after incubation with either WT, C1Q 

KO, MBL1 MBL2 dKO or C3 KO sera. Data is representative of 4 WT mice in total from 4 

independent experiments. (E) Quantification of percent DP (black bars) and CD4 SP (orange 

bars) thymocytes bound by C3, C1Q and C4. Data is averaged from 4 mice in total from 4 

independent experiments and error bars represent standard error of mean (SEM). P values 
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were calculated by one-way ANOVA. (F) Pre-incubation of sera with varying concentrations 

of D-mannose blocks C3 deposition on thymocytes. Data was averaged from two 

independent experiments with 3 mice in total and error bars indicate SEM.
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Figure 3. MBL2 but not MBL1 is required for C3 deposition.
(A, B, C) Examination of C3, C1q or C4 binding on wildtype (WT) DP, CD4 SM, CD4 M1, 

CD4 M2 stages incubated with WT, C1Q KO, MBL1 KO, MBL2 KO or C3 KO sera. Data is 

representative of at least 4 independent experiments with at least 4 mice in total. (D) 
Quantification of percentage of DP and CD4 SP thymocytes bound by C3, C1Q or C4 in the 

presence of WT, C1Q KO, MBL1 KO, MBL2 KO or C3 KO sera. Data is averaged from 4 

mice in total from 4 independent experiments and error bars represent (SEM). P values were 
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calculated by one-way ANOVA comparing percent bound by C3, C1q and C4 between WT 

and complement KO sera in either DP or CD4 SP thymocytes.
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Figure 4. C3 deposition on NKAP-deficient naïve T cells requires both the lectin and classical 
pathways.
(A) Representative frequencies of CD4+ and CD4+CD62L+CD44− splenocytes in WT, CD4-

cre NKAP cKO, MBL1 MBL2 dKO CD4-cre NKAP cKO, C1q KO CD4-cre NKAP cKO, 

C1q KO MBL1 MBL2 dKO CD4-cre NKAP cKO, and C3 KO CD4-cre NKAP cKO mice. 

(B, C) Enumeration of absolute cell counts and frequencies of CD4+CD62L+CD44− 

splenocytes in WT, CD4-cre NKAP cKO, MBL1 MBL2 dKO CD4-cre NKAP cKO, C1q 

KO CD4-cre NKAP cKO, C1q KO MBL1 MBL2 dKO CD4-cre NKAP cKO, and C3 KO 
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CD4-cre NKAP cKO mice. (D) Enumeration of frequencies of CD4+CD62L
+CD44−CD45RB+ mature naïve splenocytes bound by C3 from WT, CD4-cre NKAP cKO, 

MBL1 MBL2 dKO CD4-cre NKAP cKO, C1q KO CD4-cre NKAP cKO, C1q KO MBL1 

MBL2 dKO CD4-cre NKAP cKO, and C3 KO CD4-cre NKAP cKO mice. All data are 

representative of at least 3 independent experiments with at least 6 mice per genotype in 

total. P-values were calculated by one-way ANOVA with multiple comparisons. Error bars 

for all figures represent SEM.
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Figure 5. NKAP-deficient naïve T cells have increased lipid peroxidation.
(A) Bcl2 and Cleaved Caspase-3 expression. (B) Levels of YO-PRO1. (C) Levels of 

MitoSOX, TMRM, CellROX, and MitoTracker. (D) Examination of frequencies of Annexin-

V−FVD− (live), Annexin-V+FVD− (dying), and Annexin-V+FVD+ (dead) CD4+CD62L
+CD44− splenocytes from WT, CD4-cre NKAP cKO, and C1q KO MBL1 MBL2 dKO CD4-

cre NKAP cKO mice after 1 hour in culture. (E) Frequencies of oxidized BODIPY C-11 

(Ox.BODIPY) CD4+CD62L+CD44−Annexin-V−FVD− splenocytes (non-apoptotic and non-

necrotic naïve T cells) after 1 hour in culture. (F) Frequencies of Liperfluo positive 
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CD4+CD62L+CD44− splenocytes after 30 minutes in culture. (G) Frequencies of oxidized 

BODIPY C-11 (Ox.BODIPY) CD4+CD62L+CD44−FVD− splenocytes treated without and 

with ferroptosis inhibitors alpha-tocopherol (Vitamin E), Ferrostatin-1 and a combination of 

alpha-tocopherol and Ferrostatin-1. (H) GXP4 expression and levels of glutathione. Flow 

cytometry plots are representative of at least 3 independent experiments with at least 3 mice. 

Bar graphs show the mean of 3 independent experiments with at least 3 mice per group in 

total. P-values were calculated by one-way ANOVA with multiple comparisons. Error bars 

represent SEM.
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