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Abstract

Background: The selective reduction of memory Th2 responses could be key to affording 

tolerance and protection from the reoccurrence of damaging allergic pathology.

Objective: We asked whether TNF family costimulatory molecules co-operated to promote 

accumulation and reactivity of effector memory CD4 T cells to inhaled complex allergen, and if 

their neutralization could promote airway tolerance to subsequent re-exposure to allergen.

Methods: Mice were sensitized intraperitoneally or intranasally with house dust mite (HDM), 

and challenged with intranasal allergen after memory had developed. We assessed whether single 

or combined blockade of OX40L/CD252 and CD30L/CD153 inhibited memory T cells from 

driving acute asthmatic lung inflammation, and protected mice upon exposure to allergen at a later 

time.

Results: OX40- or CD30-deficient animals showed strong or partial protection against allergic 

airway inflammation, however neutralizing either molecule alone during the secondary response to 

allergen had little effect on the frequency of effector memory CD4 T cells formed and acute lung 

inflammation. In contrast, a significant reduction in eosinophilic inflammation was observed when 

OX40L and CD30L were simultaneously neutralized, with dual blockade inhibiting effector 

memory Th2 expansion in the lungs while formation of peripherally-induced Treg remained intact. 
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Moreover, dual blockade during the secondary response resulted in a tolerogenic state such that 

mice did not develop a normal tertiary memory Th2 cell and lung inflammatory response when 

challenged weeks later with allergen.

Conclusion: Memory T cell responses to complex allergens are controlled by several TNF 

costimulatory interactions, and their combination targeting might represent a strategy to reduce the 

severity of inflammatory reactions upon re-exposure to allergen.

Graphical Abstract

Capsule Summary:

We report that combination targeting of two TNF family costimulatory molecules, OX40L and 

CD30L, can suppress memory Th2 driven acute allergic lung inflammation and reduce the severity 

of subsequent responses to inhaled allergen.
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Introduction

T cell tolerance in the lungs is important for normal homeostasis, but tolerance also may 

limit development or maintenance of airway inflammatory diseases such as asthma. 300 

million people worldwide suffer from asthma, including ~25 million Americans, and it is 

estimated that ~65–75% of asthma is driven by adaptive immune responses to allergens. 

While efforts to block immune-driven allergic lung inflammation are increasing, they have 

resulted in only moderate success clinically with a small number of biologics approved to 

date. These target effector molecules (e.g. omalizumab against IgE, and mepolizumab 

against IL-5) or effector cells (benralizumab against IL-5R for depleting eosinophils). 

Importantly, these biologics are unlikely to affect persistence of memory Th2 cell 

populations that are acknowledged to drive and maintain asthmatic lung inflammation1–4, or 

to alter the ratio of effector memory T cells to CD4+ Treg that can recognize allergen which 
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may be a desired outcome of any effective asthma therapy5, 6. Recent findings of asthmatics 

with Th1 and Th17 signatures7–9 suggest that immune deviation is less likely a mechanism 

that can lead to allergic tolerance, implying that focusing on a reduction in the frequency of 

any effector memory T cell population and/or enhancing Treg numbers is favorable. Periodic 

and long-term exposure to allergens is used as a current tolerogenic therapy (SCIT/SLIT), 

and data from these trials have substantiated the idea that deletion, or reduction in numbers, 

of pathogenic CD4 T cells, and expansion or a bias towards more Treg, are important10–13. 

The newly approved biologic dupilumab (against IL-4Rα) does have the potential to modify 

or limit Th2 differentiation driven by IL-4. However, other strategies and targets that may 

afford specific hypo-responsiveness in the T cell compartment and prevent recurrence of 

allergic lung inflammation are needed. A major hurdle for therapy though is the notion that 

memory T cells (i.e. those present in subjects with ongoing disease) are difficult to inhibit, 

potentially explaining why current approaches may not be universally successful.

Costimulatory molecules in the TNF superfamily can control activation, expansion, 

differentiation and/or survival of T cells14–17. Specifically with regard to asthma, we showed 

some time ago in mouse models with OVA as the allergen18, 19, with knockouts and 

blocking studies, that OX40 (CD134/TNFRSF4), which is inducible on naïve and memory T 

cells after activation, was required to drive formation as well as reactivation of memory Th2 

populations that induce lung inflammation. Additional work from us supported that OX40 

signaling enhances expansion, survival, and differentiation of Th2 cells, while suppressing 

development of peripherally induced Treg20–24. Further interest came from finding that its 

ligand (OX40L/CD252/TNFSF4), which is inducible on APCs, could be upregulated by 

TSLP and IL-3324–27 in addition to signals from other molecules relevant to allergens like 

TLR416; and studies from other groups in various model systems and with human T cells 

further confirmed the idea of targeting this interaction in human asthma27–32. Phase I trials 

of an antibody to OX40L (Oxelumab) showed safety, and a phase II trial was conducted in 

mild allergic asthmatics reactive with several allergens, including HDM and cat. However, 

the end-point of this short-term treatment (change in FEV1) was not met, even though a 

trend to decreased eosinophilia was observed33. Several possibilities exist for this failure, 

including the wrong end-point being used for a biologic targeting T cells, the reagent and 

dose used not being optimal, as well as the length of the trial being too short. Additionally, a 

severe asthmatic population, or treatment during asthma exacerbations where OX40L has 

been observed at elevated levels34, 35, may have been more appropriate. However, an 

alternate possibility exists, which is that neutralizing OX40L in isolation is simply not 

sufficient to strongly modify the memory T cell response that exists in asthma patients. If 

correct, targeting other molecules and the use of combination therapies will be needed to 

produce the desired effect. In this manuscript we tested the notion that two TNF family 

costimulatory molecules may co-operate to control accumulation, reactivity, and persistence 

of memory CD4 T cells to allergen. We show that upon re-exposure of sensitized mice to 

house dust mite allergen, therapeutic blocking of both OX40L and CD30L (CD153/

TNFSF8) during the recall response of memory T cells is required to induce a tolerogenic-

like state whereby animals do not respond strongly to future insults with allergen.
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Methods

Mice

C57BL/6 (8–10 weeks old) mice were purchased from The Jackson Laboratory (Bar Harbor, 

ME). OX40-deficient36 and CD30-deficient mice37, OT-II TCR transgenic mice38 or Foxp3-

GFP OT-II transgenic mice, and CD45.1/2+ mice on a BL/6 background were bred in house. 

Only female mice were used due to the propensity for aggression of male mice, resulting in 

injuries which could have affected the results due to the long-term housing required for 

many experiments. All experiments complied with the regulations of the La Jolla Institute 

for Immunology Animal Care Committee, in accordance with guidelines of the Association 

for the Assessment and Accreditation of Laboratory Animal Care.

Experimental protocols

Mice were sensitized systemically (i.p.) on day 0 with 20 μg of HDM extract (Greer Labs, 

Lenoir, NC) mixed with 2 mg alum (250 μl in 1x PBS) and then challenged with 10 μg of 

HDM given i.n. on days 21, 22, 23, and 24 (40 μl in 1x PBS each time). In some 

experiments, mice were rested after the secondary response for 3 weeks, and then 

rechallenged with i.n. HDM (10 μg) in a tertiary response given on days 45, 46, 47, and 48. 

As a comparison to i.p. sensitization, mice were sensitized i.n. with 25 μg HDM given on 

days 0, 1, and 2, and challenged with 10 μg HDM i.n. on days 14, 15, 16, and 17 (40 μl in 1x 

PBS each time). Mice were anesthetized with Isoflurane gas prior to administration of 

intranasal HDM.

In other experiments, naive OT-II CD4 T cells were stimulated in vitro with anti-mouse CD3 

(145–2C11, ThermoFisher Scientific) and anti-mouse CD28 (37.51, ThermoFisher 

Scientific) as well as irradiated splenocytes under Th2 conditions by adding 20 ng/ml IL-4, 5 

ng/ml IL-2 (Peprotech), 10 μg/ml anti-IL-12 (C17.8, BioXCell) and anti-IFN-γ (XMG1.2, 

BioXCell) for 4 days, followed by washing and rest for 3 days in complete RPMI media. 1 × 

106 CD45.2+ OT-II memory-like Th2 T cells were adoptively transferred i.v. into 

unsensitized naive CD45.1/2+ BL/6 mice with 1 × 106 naive CD45.1+ Foxp3-negative OT-II 

CD4 T cells from Foxp3-GFP reporter mice. In some experiments, 3 × 106 CD45.1+ 

memory-like Th2 OT-II cells were labelled with CellTrace Violet (CTV, ThermoFisher 

Scientific, 5 μM), before adoptive transfer into BL/6 mice. Recipients were challenged 24 

hours later with 20 μg OVA (Worthington Biochemicals) mixed with 10 μg HDM, given i.n. 

on days 1, 2, 3, and 4 (40 μl in 1x PBS).

Mice were sacrificed 24 hours after the last allergen challenge for analyses in all model 

systems. On the first and third day of the allergen secondary challenges, antibodies to 

OX40L (RM134L) or CD30L (RM153) or control Rat IgG (BioXCell) were injected i.p 

(250 μg for each antibody, 200 μl in 1x PBS). With combined blockade, 250 μg anti-OX40L 

was injected with 250 μg anti-CD30L compared to 500 μg control IgG.

Bronchoalveolar lavage analysis, lung histology and cell analysis

Bronchoalveolar lavage (BAL) fluid was examined for Th2 cytokines and for cellular 

content. BAL cell differentials were determined using flow cytometry. Cells were counted, 
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and after Fc block with 2.4G2 mAb, were stained with antibodies against CD45 (30-F11), 

Siglec-F (E50–2440), CD11c (N418), CD11b (M1/70), CD4 (GK1.5) and CD3 (17A2). For 

lung histology, 5–6 μm sections were cut and stained with hematoxylin and eosin (H&E) for 

examining cell infiltration. Magnification x200 was used for histologic scoring. The degree 

of peribronchial and perivascular inflammation were evaluated as follows: severity: 0, 

normal; 1, <3 cell diameter thick; 2, 3–10 cells thick; 3, >10 cells thick, and extent: 0, 

normal; 1, <10% of sample; 2, 10–25%; 3, >25%. Scores were calculated by multiplying 

severity by extent (max 9). This was performed blinded, and at least 5 fields were scored to 

obtain the average for each mouse. In some cases, lung tissue was digested with collagenase 

D (3 mg/ml Worthington Biochemicals) and DNAse I (150 μg/ml, Worthington 

Biochemicals) for 1.5 h at 37°C with agitation. The digested lung tissue was then passed 

through a 70 μM cell strainer to obtain lung mononuclear cells, followed by RBC lysis. In 

addition to looking at OX40 (OX86) and CD30 (mCD30.1), effector memory CD4 T cells 

were enumerated by flow staining for CD11a (M17/4) and CD49d (R1–2) in the CD44hi 

(IM7) CD4+ fraction. Induction of Foxp3 was assessed by flow in OT-II T cells using GFP 

as a marker. Antibodies were purchased from Biolegend (San Diego, CA), eBioscience/

ThermoFisher Scientific (Carlsbad, CA) and BD Bioscience (San Jose, CA). Samples were 

analyzed on a LSR fortessa or LSRII flow cytometer and Flow Jo software.

In vitro analysis of T cell responsiveness

Lung tissue was digested with collagenase and DNAse followed by RBC lysis as above. T 

cell responsiveness was assessed in vitro by culturing 2 × 106 total lung tissue cells with 10 

μg HDM for 24h and proliferation was assessed by incorporation of 10 μM BrdU (BD 

Bioscience) added 1h after culture setup. Gated CD4+ T cells were stained with anti-BrdU 

(BU20A) antibody and BrdU labelling determined by flow cytometry. In other experiments 

with OT-II T cell transfer, lung cells were stimulated for 24h with 10 μg OVA323–339 peptide 

(Innopep, San Diego). Production of IL-5 and IL-13 were measured by intracellular flow in 

gated CD4+ T cells, after adding GolgiStop & GolgiPlug for the last 5 hours, using 

antibodies for mouse IL-5 (TRFK5, Biolegend) and mouse IL-13 (eBio13A, ThermoFisher 

Scientific).

ELISA

Murine cytokines in BALF were assayed by means of ELISA with paired antibodies, 

according to the manufacturers’ recommendations. IL-4 (11B11 and BVD6–2G2), IL-5 

(TRFK4 and TRFK5) and IL-13 (eBio13A and eBio1316H) ELISAs were obtained from 

eBioscience/ThermoFisher Scientific.

Quantitative real-time PCR

Lung tissue from mice was homogenized (Tissue Master, OMNI International), followed by 

total RNA isolation using TRIzol reagent (Life Technologies). Total RNA (1 μg) was then 

reverse transcribed to cDNA by using Transcriptor First Strand cDNA Synthesis Kit (Roche 

Diagnostics). Real-time PCR assays were performed with LightCycler (Roche Diagnostics, 

Basel, Switzerland) by using LightCycler 480 SYBR Green I master (Roche Diagnostics) 

and RT-qPCR–specific primers for OX40L, OX40, CD30L and CD30. Data are presented as 

normalized to ribosomal protein housekeeping gene L32 and relative expression is evaluated 
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using the comparative threshold cycle (ΔΔCt) method. The mouse oligonucleotide primers 

were as follows: OX40L forward, 5′-GGGATGCTTCTGTGCTTCATCT- 3′; OX40L 

reverse, 5′-TTTGGATTGGAGGGTCCTTTG- 3′, OX40 forward, 5′- 
CAGTGGTCACAAGTGCTGTCGT- 3′; OX40 reverse, 5′- 
CCCTGGTATGATCACAGCGG- 3′, CD30L forward, 5′-
ATACAACTGAGAAGGCCCCC- 3′; CD30L reverse, 5′- 
GGAGGTAGGCCCATGACTTC- 3′, CD30 forward, 5′- CAACCCTGGCTGAGTTACTC - 

3′; CD30 reverse, 5′-AGCGGCAGGTTCTCCAGGTA - 3′ and L32 forward, 5′-
GAAACTGGCGGAAACCCA- 3′; L32 reverse, 5′-GGATCTGGCCCTTGAACCTT- 3′.

Airway hyperresponsiveness

Invasive lung function testing was performed by using the flexivent system (Scireq) and 

airway resistance was monitored. Measurements of airway resistance were taken at baseline 

(nebulized PBS) as well as after each increasing concentration of nebulized methacholine.

Statistical analyses

All results are presented as mean ± SEM. Statistical analyses were performed with 

GraphPad Prism software (GraphPad Software, La Jolla, CA): for comparison of two groups 

a Welch’s t test in case of normally distributed data or a Mann–Whitney U test was 

performed. For multiple group data, ANOVA or Kruskal-Wallis with parametric (Dunnett’s) 

or nonparametric (Dunn’s) post-test, respectively, was performed for comparison of groups. 

For airway hyperresponsiveness, statistical analysis was by 2-way ANOVA followed by 

Sidak’s multiple comparison test. Differences between the groups were considered as 

statistically significant with p<0.05.

Results

OX40-deficient animals are protected from memory Th2-driven acute asthmatic 
inflammation

Although OX40/OX40L activity has been investigated extensively in several mouse models 

of allergic lung inflammation, including our initial studies of reactivation of OVA-specific 

memory Th2 cells18, 19, there are only a few studies showing that OX40 might be central to 

the response to a complex allergen. These studies used intranasal exposure to house dust 

mite (HDM) or peanut allergen to sensitize mice which results in a moderate T cell response, 

and they reported reduced eosinophilic lung inflammation if OX40/OX40L interactions were 

interrupted from the time of sensitization27, 31. We revisited this with a model that also 

results in Th2 eosinophilic airway disease but with a T cell response that might exceed that 

seen in some of the prior animal models, and so provides a very stringent test of factors that 

control reactivation of memory CD4 T cells (Fig. 1). Mice were sensitized with HDM given 

in alum intraperitoneally to drive a strong initial systemic primary T cell response, and then 

challenged repetitively with intranasal HDM to elicit a secondary airway response after 3 

weeks. HDM has the ability to induce innate immune inflammation through its protease 

activity, that can directly affect lung airway epithelium and other cell populations, as well as 

to engage toll-like receptors, thereby eliciting production of alarmins and cytokines such as 
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IL-33, TSLP and IL-1, that could influence the availability and use of OX40L and other 

costimulatory molecules.

Suggesting that OX40/OX40L might be active during the memory response, mRNA for both 

molecules was upregulated in the lungs upon airway rechallenge with HDM, and OX40 

protein was expressed on a proportion of effector memory T cells (Fig. 1A and B). In line 

with the prior publications that used HDM allergen and inhibited OX40 from priming27, 31, 

OX40 knockout mice did not develop excessive lung inflammation (Fig. 1C–F) and the lung 

CD4 Th2 response was strongly reduced (Fig. 1G–J). We then tested whether blockade of 

OX40L would similarly inhibit the response when neutralizing antibody was given only at 

the time of reactivation of memory T cells, during HDM rechallenge 3 weeks after 

sensitization (Fig. 2). We previously had demonstrated in a similar model that blocking 

OX40L almost fully inhibited memory recall activity when OVA was used as the antigen19. 

In this case with HDM, neutralizing OX40L did not affect accumulation of total cells and 

eosinophils in BAL (Fig. 2A–B). No reduction in the accumulation of CD4 T cells was 

observed (Fig. 2C), although a significant effect was noted on BAL IL-4, IL-5 and IL-13 

(Fig. 2D–F). These data showed that OX40 might have preferentially controlled the initial 

priming of effector and memory Th2 cells, with a lesser role in the recall response of 

memory cells to this allergen, regulating Th2 cytokine production.

CD30 plays a less dominant role compared to OX40 in development of memory Th2-driven 
asthma

One possibility existed for the mild effect of blocking OX40L during the secondary T cell 

response, which was that other comparable molecular interactions within the TNF/TNFR 

superfamily might also have participated in promoting the reactivation of the memory cells 

and accumulation of the effector memory cells in the lungs. We found that CD30 

(TNFRSF8) was a good candidate, as CD30L and CD30 mRNA were upregulated together 

with OX40L/OX40 in the lungs following HDM rechallenge, and CD30 was similarly found 

on effector memory CD4 T cells and co-expressed with OX40 on many (Fig. 3A–C). CD30 

was reported many years ago to be inducible on Th2 cells and aided development of this 

population of cells39, 40. CD30-deficient animals were also protected from developing acute 

allergic lung inflammation to OVA41–43. However, no studies have shown that CD30 is 

required in vivo for development or reactivation of memory T cells with a complex allergen. 

We initially assessed the secondary HDM response in CD30-deficient animals, and found no 

significant effect on total cellular infiltrates in the BAL, including eosinophilia, and no 

defect in inflammation scored by histology (Fig. 3D–G). No difference was seen in CD4 T 

cell numbers in the BAL, but a statistically significant reduction in IL-5 and IL-13, along 

with trend to lower IL-4, was observed (Fig. 3H–K), similar to the effect of blocking OX40L 

during the recall response (see Fig. 2). These data suggested that CD30 was active, but to a 

lesser extent than OX40, and might also primarily contribute to memory cell Th2 cytokine 

production.
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Co-blocking OX40L and CD30L reduces allergen-driven memory CD4 T cell reactivation 
and asthmatic lung inflammation

We then blocked CD30L alone or together with OX40L during the memory recall response. 

Similar to blocking OX40L (Fig. 2), and to the CD30-deficient phenotype (Fig. 3), inhibiting 

CD30L alone had no significant effect on BAL cellularity, eosinophilia, or overall lung 

inflammation (Fig. 4). In contrast, co-blocking OX40L and CD30L together resulted in a 

marked diminution of all parameters measured. This included ~50% reduction in total BAL 

CD45+ infiltrates, including eosinophilia, and a comparable decrease in lung inflammation 

scored by histological examination of tissue sections (Fig. 4). Airway hyperresponsiveness 

(AHR) was also reduced by co-blockade of OX40L and CD30L to a greater extent than 

blockade of either molecule alone, although single antibody treatment was quite effective in 

this regard (Fig. 4E). Most importantly, a parallel decrease in the number of BAL CD4 T 

cells was found when both OX40L and CD30L were blocked together during the memory 

recall response to HDM, whereas no significant effect was observed blocking either CD30L 

alone or as shown previously OX40L alone (Fig. 5A). In contrast to the CD4 T cell and 

eosinophil responses, blocking each molecule separately resulted in comparable trends to 

reduced BAL IL-4, IL-5, and IL-13 levels, perhaps explaining the AHR results. However, 

co-blocking both molecules strongly reduced all Th2 cytokine levels to a greater extent than 

blocking either molecule alone (Fig. 5B–D).

To further expand on the idea that both CD30 and OX40 co-operated together to drive 

expansion as well as reactivity of memory T cells, we monitored the number of effector 

memory CD4 T cells that accumulated in the lung tissue during HDM rechallenge using co-

expression of CD11a and CD49d in the CD44hi fraction as surrogates for marking antigen-

specific cells44. Notably, blocking OX40L or CD30L alone showed a trend to reduced 

accumulation of CD11a+CD49d+ CD4 T cells, but blocking both together had a much more 

profound effect (Fig. 5E). This was further substantiated by stimulating lung tissue cells in 

vitro with HDM and monitoring proliferation of antigen-reactive CD4 T cells with BrdU 

(Fig. 5F–G). Replicating the CD11a/CD49d results, co-blocking OX40L and CD30L in vivo 

led to a strong reduction in the percent of T cells that proliferated in response to HDM in 

vitro, likely reflecting a reduction in the number of allergen-reactive effector memory cells 

that had accumulated in the lungs.

We additionally tested whether co-blocking OX40L with CD30L would be effective in 

dampening the recall activity of memory T cells elicited when sensitization was via the 

intranasal route rather than systemically via intraperitoneal immunization (Fig. 6). 

Essentially the same results were obtained, with a strong reduction in BAL CD45+ cells, 

eosinophilia, and lung inflammation as visualized in tissue sections (Fig. 6A–C). This was 

accompanied by far fewer numbers of BAL CD4+ T cells and lower Th2 cytokine levels 

(Fig. 6D–G), and a much weaker accumulation of CD44hi CD11a+CD49d+ CD4 T cells in 

the lung tissue (Fig. 6H).
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Inhibiting OX40L with CD30L reduces expansion of effector memory T cells and biases the 
allergic secondary T cell response towards Treg

To support the above conclusion, we generated memory-like OVA-specific OT-II TCR 

transgenic CD4 T cells by stimulating in vitro under Th2 conditions followed by a rest 

period. These cells transition from effector to memory-like with the rest period, upregulating 

IL-7R and IL-33R and reverting to a more resting state (not shown). The OT-II T cells were 

labeled with cell trace violet (CTV), and adoptively transferred into naive hosts. The 

recipient mice were then repetitively challenged intranasally with a combination of OVA to 

provide the antigen signal for the T cells to become reactivated, and HDM, to provide the 

equivalent allergic inflammatory environment similar to our other experiments. Blocking 

OX40L or CD30L alone had minimal effect on proliferation in vivo as read out by CTV 

dilution, but the combined blockade restricted OT-II T cell division to an extent (Fig. 7A), 

and significantly reduced the number of OT-II T cells that expanded and accumulated in the 

lungs (Fig. 7B). The latter was confirmed by restimulating cells in vitro with OVA peptide 

and assessing the number of CD4 T cells that made IL-5 and IL-13 (Fig. 7C–D).

We then asked whether blocking OX40L and CD30L might lead to a more favorable balance 

between effector memory T cells and induced or peripheral Treg. Memory-like OT-II Th2 

cells were adoptively transferred into unsensitized mice, similar to above, along with a 

population of naive Foxp3 negative OT-II CD4 cells purified from OT-II Foxp3-GFP reporter 

mice. Recipients were challenged with OVA and HDM and accumulation of OVA-reactive 

Foxp3+ T cells examined while blocking OX40L and CD30L. Interestingly, co-

neutralization of OX40L and CD30L led to an increased percentage of these cells among 

transferred naïve OT-II cells (Fig. 7E). Together with fewer effector memory Th2 cells, this 

then led to a significant reduction in the Th2/Treg ratio towards Treg (Fig. 7F). These results 

in sum show that inhibiting OX40/OX40L and CD30/CD30L interactions concomitantly 

reduces the frequency of effector memory T cells that accumulate in the lungs in secondary 

responses to HDM allergen, and the production of Th2 cytokines, and may result in a more 

favorable balance of Treg to these effector cells, a state that could be relevant for allergen 

tolerance.

Co-Neutralization of OX40L and CD30L induces a tolerogenic state in the airways

Lastly, to expand on the notion of a tolerogenic effect of removing both OX40 and CD30 

signaling, after intraperitoneal sensitization we treated mice with antibodies to OX40L and 

CD30L only during the secondary recall response to HDM, as before. We then rested mice 

for a further 3 weeks before rechallenging again repetitively with intranasal HDM to elicit a 

tertiary response. Tolerance can be functionally defined by the inability to mount a normal 

maximal response to a subsequent allergen challenge, and could involve reduced persistence 

or accumulation of allergen-specific memory T cells and/or reduced reactivity per cell. 

Importantly, neutralizing both interactions, but not the individual interactions, led to a 

substantial reduction in the ability of mice to mount such a subsequent inflammatory 

response to allergen, with ~50% less BAL cellular infiltration and eosinophils, and a similar 

lower level of lung tissue inflammation scored by histologic analyses (Fig. 8A–D). As 

importantly, the accumulation of CD4 T cells in the BAL with tertiary HDM recall challenge 

was significantly reduced by co-blockade of OX40L and CD30L during the secondary 
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response (Fig. 8E), along with a parallel decrease in all Th2 cytokines in the BAL (Fig. 8F–

H). These data show that co-neutralization of OX40L and CD30L has a long-lasting effect 

on the number of effector memory T cells that can develop in response to a complex 

allergen, and may afford a partial state of tolerance.

Discussion

In this manuscript we demonstrate that two TNF superfamily costimulatory interactions co-

operate together to promote the accumulation of lung pathology-driving effector CD4 T cells 

derived during the memory T cell response to a complex allergen. Neutralizing either 

interaction in isolation inhibited Th2 cytokines and AHR, but produced a mild effect on 

accumulation of effector memory CD4 T cells in the lungs, and had negligible effects on 

reducing lung inflammation. In contrast, concomitant neutralization of both interactions 

strongly reduced effector memory T cell accumulation and production of Th2 cytokines and 

this correlated with a similar reduction in lung pathology triggered by the allergen. 

Moreover, this weaker memory CD4 T cell and lung inflammatory response was maintained 

several weeks after the therapeutic antibody treatment, such that animals treated during the 

secondary response did not mount a normal response to allergen when subsequently 

challenged with allergen. These data suggest that a combination approach to blocking TNF 

family costimulatory molecules, either with single agents or bispecific biologics, might have 

therapeutic relevance to limiting responses to allergens, including those in asthmatics.

Costimulatory receptors expressed on T cells can provide essential signals when they are 

engaged by their ligands to enhance the response triggered by antigen recognition14, 15, 45. 

This can include promoting expression of cell cycle proteins and driving cell division, 

inducing anti-apoptotic proteins that allow cell survival, as well as upregulating effector 

molecules such as cytokines. A number of proteins have been described to possess this 

function over the years, including CD28 and ICOS in the Ig superfamily, and several TNF 

receptor superfamily proteins, most notably OX40, CD30, 4–1BB, HVEM, CD27, GITR, 

DR3, and TNFR2. Some of these receptors are constitutively expressed on naive and 

memory T cells, whereas others such as OX40 and CD30 are induced at variable times after 

antigen recognition. One model that can explain their combined action or importance is that 

they act serially in a temporal manner to maintain a T cell response over time15, 17. Most of 

the costimulatory ligands, including OX40L and CD30L are inducible, further adding to the 

notion that their presence might be seen at varying times during inflammatory responses. 

However, a number of cell types have been described to express several of the ligands 

simultaneously, such as conventional APC like dendritic cells and macrophages46, as well as 

innate cells such as lymphoid tissue inducer cells (ILC3) that were described to co-express 

OX40L and CD30L47. This provides a second non-mutually exclusive model that 

costimulatory receptors co-operate together, or over a short-period of time, and their 

combined signals drive various stages of T cell activation or function15, 17. Which 

combination of receptors might be active in any give inflammatory response is not clear. A 

number of previous studies in virus model systems have found that several TNF family 

receptors act together to drive the underlying T cell response, such as OX40 and CD27 in 

CD8 T cell responses to vaccinia virus48, or GITR, 4–1BB, CD27 and OX40 in CD8 T cell 

priming to LCMV46, 49. Importantly, examples of combined blockade of costimulatory 
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molecules have already been reported in stringent full MHC-mismatched models of 

transplantation, where graft acceptance and tolerance in CD4 or CD8 T cells were only 

afforded by neutralizing for example OX40L with CD40L and CD80/CD8650, or OX40L 

with CD40L and LFA-151, whereas the individual blockade of these interactions had little to 

no effect.

Our data now suggest that during memory responses to allergen, combined targeting of 

costimulatory molecules might also be needed to suppress the continued recall responses 

that result in large populations of pathogenic effector memory T cells. We highlight OX40L 

and CD30L as drivers of the memory CD4 T cell response to house dust mite allergen, 

which adds to the notion that these two interactions may be highly complementary for 

inflammatory disease. Previous studies by Lane and coworkers established co-operativity 

between OX40 and CD30 in regulating Th2 cells in vitro47. They expanded these 

observations by showing that mice deficient in both OX40 and CD30 were more 

compromised in generating secondary antibody responses than either OX40- or CD30-

deficient mice52, and that double-deficient animals were also compromised in generating 

protective Th1 responses to Salmonella infection53, and memory T cells from OX40/CD30 

knockout animals showed a survival defect in the gut54. Importantly, these authors further 

showed that Foxp3-deficient mice that normally exhibit lethal autoimmune symptoms were 

protected when bred onto the OX40/CD30 double-deficient background, and that by 

reducing the accumulation of effector CD4 T cells co-blockade of OX40L and CD30L 

allowed survival of Rag knockout mice when injected with Foxp3-deficient thymocytes55. 

These latter results correlate with our finding that combined neutralization of OX40L and 

CD30L led to fewer effector memory CD4 T cells accumulating in the lungs but still 

allowed Treg to be generated. Interestingly, blocking both molecules was required to see a 

strong action on limiting the number of effector memory T cells that were generated, 

whereas blocking only one was sufficient for a good effect on reducing production of Th2 

cytokines. The latter was likely reflected in the AHR results, where blocking only one 

molecule strongly reduced this parameter, a functional readout thought to be strongly 

dependent on smooth muscle activity and cytokines such as IL-13 that can induce 

contractility in smooth muscle cells. The reason why single antibody treatment effectively 

limited Th2 cytokines but dual antibody treatment was needed to have a strong effect on T 

cell accumulation and persistence is unclear, but we hypothesize that the threshold level of 

signaling for induction of activities in memory T cells might be different. Production of Th2 

cytokines might require an overall weaker signal than is needed for these cells to proliferate 

well and expand in numbers. There may also be differential redundancy in signaling 

pathways required for these activities.

Lastly, our primary model system used intraperitoneal sensitization to induce a memory T 

cell population. It has been debated whether i.p. sensitization with allergen is less 

physiological or clinically relevant than i.n. sensitization, due to differential involvement of 

ILC2, with some studies claiming a strong influence of ILC2 in priming naive CD4 T cells 

and influencing the subsequent recall lung inflammatory responses only after i.n. 

sensitization56, 57. In contrast, others have found that the recall lung inflammatory response 

following sensitization via the airways was completely dependent on memory T cells 

implying ILC2 were not active or played a secondary role58. Regardless of whether ILC2 do 
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or do not participate in the T cell response, asthma in many humans has been linked to an 

atopic march and in particular atopic dermatitis, implying that initial sensitization of T cells 

may not in many cases be through the airways. Most important for our study, we are not 

aware of any data that have proven that memory T cells induced by systemic sensitization 

behave differently than those induced by airway sensitization. Although we did not 

investigate this in depth, we did find that blocking OX40L with CD30L was equally, if not 

more, effective in reducing the memory T cell response when airway sensitization was 

performed, supporting the idea that the route of sensitization may not be important to the 

reactivity of the memory T cells that result. However, we acknowledge this caveat, and that 

it will be of interest in future studies to fully address these issues and whether the respective 

contributions of costimulatory molecules like OX40L and CD30L to recall responses are 

different if memory T cells are initially generated via alternate routes of allergen exposure.

In summary, we report that a combination approach to inhibiting OX40/OX40L and CD30/

CD30L interactions was effective in reducing the memory CD4 T cell response to a complex 

allergen, and resulted in a tolerogenic state that lessened allergic lung inflammation upon 

repeat exposure to the allergen. Previous studies had examined whether combined blockade 

of the innate cytokines TSLP, IL-33, and IL-25 could restrict lung inflammation when given 

therapeutically in a similar model with house dust mite allergen. They found no profound 

reduction despite reporting positive effects in models of Schistosoma mansoni type 2 

immunity59. Our studies suggest that co-targeting T cell costimulatory molecules may be a 

good approach to limit memory Th2 immune responses to allergens and for therapy of 

diseases such as asthma.
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Key Messages:

• OX40/OX40L and CD30/CD30L interactions control the expansion and 

accumulation of allergen-reactive effector memory CD4 T cells

• Combination blockade of OX40L and CD30L might represent a strategy to 

inhibit acute allergic inflammation and induce a state of T cell tolerance to 

allergen
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Fig. 1. OX40-deficiency prevents memory Th2-driven airway inflammation.
WT or OX40−/−mice were sensitized with HDM in alum i.p., rested for three weeks, and 

then challenged intranasally with HDM for 4 days. A, Kinetics of mRNA for OX40L and 

OX40 in the lungs after allergen challenge. B, Surface expression of OX40 on CD44hi (black 

line) and CD44lo (shaded) CD4+ T cells in the lungs on day 5 after challenge (left panel) and 

MFI fold-increase (right panel). A-B, 3–6 mice/group, from 2 experiments. C-D, Numbers 

of BAL CD45+ leukocytes (C) and eosinophils (D). E-F, H&E stained lung tissue sections 

(E), and histological scoring of lung inflammation (F). G-J, BAL numbers of CD4+ T cells 

(G), and levels of IL-4 (H), IL-5 (I), and IL-13 (J). C, D, G, individual mice, with 10–11 

mice/group from 4 experiments; F, 4–5 mice/group, from 2 experiments; and H-J, 3–8 mice/

group, from 3 experiments.
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Fig. 2. Inhibition of OX40L is not sufficient to block memory Th2-driven airway inflammation.
WT mice were sensitized and challenged with HDM as in Fig. 1. 2h prior to the first and 

third intranasal challenge, anti-OX40L or isotype control were injected i.p. A-B, BAL 

numbers of CD45+ leukocytes (A) and eosinophils (B). C-F, BAL numbers of CD4+ T cells 

(C), and levels of IL-4 (D), IL-5 (E), and IL-13 (F). A, B, C, individual mice, 8–9 mice/

group, from 3 experiments; D-F, 8 mice/group, from 3 experiments.
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Fig. 3. CD30-deficiency impairs memory Th2 cytokine production but not airway inflammation.
WT or CD30−/− mice were sensitized and challenged with HDM as in Fig. 1. A, Kinetics of 

mRNA for CD30L and CD30 in the lungs after challenge. B, Surface expression of CD30 on 

lung CD44hi (black line) and CD44lo (shaded) CD4+ T cells in WT mice on day 5 after 

challenge (top panel) and MFI fold-increase (bottom panel). C, Co-expression of CD30 and 

OX40 on lung CD44hi (red) and CD44lo (blue) CD4+ T cells. A-C, 3–6 mice/group, from 2 

experiments. D-E, Numbers of BAL CD45+ leukocytes (D) and eosinophils (E). F-G, H&E 

stained lung tissue sections (F), and histological scoring of lung inflammation (G). H-K, 

BAL numbers of CD4+ T cells (H), and levels of IL-4 (I), IL-5 (J), and IL-13 (K). D, E, H, 

individual mice, 8–9 mice/group, from 3 experiments; G, 4–5 mice/group, from 2 

experiments; I-K, 7–8 mice/group, from 3 experiments.
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Fig. 4. Memory Th2-driven airway inflammation is ameliorated by simultaneous blockade of 
OX40L and CD30L.
WT mice were sensitized and challenged with HDM as in Fig. 1. 2h prior to the first and 

third challenge, anti-OX40L, anti-CD30L, their combination, or isotype controls, were 

injected i.p. A-B, Numbers of BAL CD45+ leukocytes (A) and eosinophils (B). C-D, H&E 

stained lung tissue sections (C), and histological scoring of lung inflammation (D). A-B, 

individual mice, 10–12 mice/per group, from 4 experiments; D, 6–8 mice/group, from 3 

experiments. E, AHR to methacholine. 7–8 mice/group, from 3 experiments.
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Fig. 5. Dual blockade of OX40L and CD30L inhibits accumulation of lung allergen-reactive 
effector memory CD4+ T cells.
WT mice were sensitized, challenged, and treated as in Fig. 4. A-D, BAL numbers of CD4+ 

T cells (A), and levels of IL-4 (B), IL-5 (C), and IL-13 (D). E, CD11a and CD49d 

expression in CD44hi (black) and CD44lo (grey) CD4+ T cells (left), and numbers of CD11a
+CD49d+ CD44hi CD4+ T cells (right) in the lungs. F-G, Proliferation (BrdU stain) of lung 

CD4+ T cells after in vitro stimulation with HDM. Representative flow plots (F) and mean 

% BrdU+CD4+ T cells (G). A, individual mice, 10–12 mice/group, from 4 experiments; B-

D, 6–11 mice/group, from 3 experiments; E-G, 4–6 mice/group, from 2 experiments.
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Fig. 6. Co-blockade of OX40L and CD30L inhibits recall effector memory Th2 cell accumulation 
following airway sensitization.
WT mice were sensitized intranasally with HDM given on days 0, 1 and 2. Mice were 

challenged i.n. with HDM on days 14–17 and treated with antibodies to OX40L and CD30L 

during this time. A-B, Numbers of BAL CD45+ leukocytes (A) and eosinophils (B). C, H&E 

stained lung tissue sections from two 2 individual mice. D-G, BAL numbers of CD4+ T cells 

(D), and levels of IL-4 (E), IL-5 (F), and IL-13 (G). H, Numbers of CD11a+CD49d+ CD44hi 

CD4+ T cells in the lungs. 5 mice/group.
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Fig. 7. Co-inhibition of OX40L and CD30L reduces expansion of antigen-specific effector 
memory CD4+ T cells and improves the Th2/Foxp3+ balance.
A-D, In vitro derived memory-like OT-II Th2 T cells were labelled with CTV and adoptively 

transferred into congenic recipients. Mice were given i.n. OVA and HDM for 4 days and 

treated with anti-OX40L, anti-CD30L, or their combination. A, Proliferation of donor OT-II 

cells determined by dilution of CTV. Rat IgG (thick grey line), anti-OX40L (dotted black 

line), anti-CD30L (dotted grey line) and combination (thick black line). B, Number of OT-II 

T cells in the lungs. C-D, Numbers of IL-5+ (C) and IL-13+ (D) OT-II cells in the lungs 

calculated from data in B combined with intracellular cytokine staining of CD4+ T cells 

after stimulation in vitro with OVA. B-D, 3–6 mice/group, from 2 experiments. E-F, Naïve 

Foxp3− OT-II Foxp3-GFP CD4 T cells were transferred with memory-like OT-II Th2 cells 

and recipients treated with allergen and antibodies as in A-D. Frequency of Foxp3/GFP+ OT-
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II cells in the lungs (E). Th2/Foxp3+ T cell ratio calculated for each group (F). 3–6 mice/

group, from 2 experiments.
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Fig. 8. Co-inhibition of OX40L and CD30L during secondary allergen challenge results in an 
inability to mount a normal tertiary recall airway inflammatory response.
WT mice were sensitized, challenged, and treated with antibodies, as in Fig. 4. Mice were 

then rested for 3 weeks, and subsequently challenged repetitively during a tertiary response 

with HDM. A-B, Numbers of BAL CD45+ leukocytes (A) and eosinophils (B). C-D, H&E 

stained lung tissue sections (C), and histological scoring of lung inflammation (D). E-H, 

BAL numbers of CD4+ T cells (E), and levels of IL-4 (F), IL-5 (G), and IL-13 (H). A, B, E, 

individual mice, 6–10 mice/group, from 3 experiments; D, 4–7 mice/group, from 2 

experiments; F-H, 5–10 mice/group, from 3 experiments.
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