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Abstract: Since its conception with the smallpox vaccination, worldwide-used vaccines have 

thwarted multiple pandemics including the recent COVID-19 outbreak. Insightful studies 

uncovered complexities of different functional networks of CD4 T cells [T helper 1 (Th1); Th2, Th17] 

and CD8 T cells (T cytotoxic; Tc) as well as B cells (BIgM, BIgG, BIgA and BIgE) subsets during response 

to vaccination. Both T and B cell subsets forge central, peripheral and tissue-resident subsets during 

vaccination. It also became apparent that each vaccination formed the network of T regulatory 

subsets, namely CD4+CD25+Foxp3+ T regulatory (Treg) cells and interleukin-10 (IL-10)-producing 

CD4+Foxp3− T regulatory 1 (Tr1) as well as many others, are shaping the quality/quantity of 

vaccine-specific IgM, IgG, and IgA antibody production. These components are especially critical 

for immunocompromised patients, such as older individuals and allograft recipients, as their 

vaccination may be ineffective or less effective. This review focuses on presenting how pre- and 

post-vaccination Treg/Tr1 levels influence the vaccination efficacy. Experimental and clinical work 

revealed that the Treg/Tr1 involvement evoked different immune mechanisms in diminishing 

vaccine-induced cellular/humoral responses. Alternative steps may be considered to improve the 

vaccination response by increasing a dose, changing the delivery route and/or repeated booster 

doses of vaccines. Vaccination may be combined with anti-CD25 (IL-2Ra chain) or anti-PD-1 

(programmed cell death protein) monoclonal antibody (mAb) to decrease Tregs and boost the T/B 

cell immune response. All these data and strategies for immunizations are presented and discussed, 

aiming to improve the efficacy of vaccination in humans and especially in immunocompromised 

and older individuals as well as organ transplant patients. 
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1. Introduction 

The concept of natural cowpox vaccination against human smallpox, discovered in 1796 by 

Edward Jenner [1], has evolved 162 years later into a global vaccination campaign by the World 

Health Organization (WHO), culminating in eradication of smallpox between 1958-1977 [2]. 

Subsequent discovery of attenuated virus against polio in 1950 [3] and measles in 1954 [4] was 

followed by the progress in development of universal peptide-based vaccine to influenza in 2012 [5,6] 

and remarkably successful mRNA-based vaccines against COVID-19 in 2019 [7]. Nowadays, 

vaccination against multiple viruses, bacteria, and parasites became a routine practice to fence 

humans from infections by building an “immune umbrella” of vaccine-specific memory T (Tm) and 

B (Bm) cells with circulating immunoglobin (Ig)M, IgG and IgA antibodies [8–10]. 

Independently on the type of vaccine, the immune response mounts a complex response of 

different functional networks of CD4 T cells with T helper 1 (Th1), Th2, and Th17 cells as well as T 

follicular helper (Tfh) cells and CD8 T cytotoxic (CTL) cells and their respective Tm subsets. 

Simultaneously, vaccine-specific B cell clones expand into BIgM, BIgG, BIgA, and BIgE cells and their Bm 
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subsets assisted by Tfh and other Th subsets [11]. These multiple Tm and Bm cells establish “trained” 

immunity [12], which are influenced by multiple factors (i.e. sex, age, preexisting conditions etc.), as 

well as individual immunocompetence or exposure to immunosuppression such as transplant 

recipients [11,13]. 

In vaccine-protected individuals, an initial response by innate immunity is quickly supported 

by circulating vaccine-specific IgM/IgG/IgA antibodies [14]. Effective vaccination engages first 

vaccine-specific Th1/Tc/Th17/Tfh cells assisting the production of IgM/IgG/IgA antibodies [15]. 

However, it become also apparent that the network of potent T regulatory (Treg) subsets affects the 

efficacy of vaccination. These subsets include classical CD4+CD25+Foxp3+ Treg cells, CD4+Foxp3− 

interleukin-10 (IL-10)-producing T regulatory 1 (Tr1), IL-35-producing Tr35 and recently described 

transient Treg cells (see text below). Overall, these and other regulatory subsets are actively shaping 

the immune response, influencing the quality/quantity of T/B cell response and IgM/IgG/IgA 

antibody production during the vaccination process [16]. 

2. Description of Memory T Cell Immune Responses during Vaccination 

As shown in Table 1, the most fundamental role in immunization against any vaccine is plaid 

by an effective generation of multiple Tm (memory) cells, including central (Tcm), effector (Tem), 

and then tissue resident Tm (Trm) cells [17] (Figure 1). 

Table 1. Memory T cell subsets generated during an immune response to vaccination. 

T cell 

subsets 
Markers Localization 

Homing chemokines 

and their receptors 
References 

T naïve 
CD25-, CD45RA+, CD45RO-, 

CD127+ 

LN, Spleen, Blood, 

efferent lymphatics 
CCL19+, CCL21+ 

von Andrian et al. 

2010 [18] 

Tcm 
CD25+, CD45RA+, 

CD45RO+, CD127+ 

LN. Spleen, Blood, 

efferent lymphatics 

CCR7+, CD62L+, 

S1pr1+ 

Sallusto et al. 2014 

[19] 

Tem 
CD25+, CD45RA-, CD45RO+, 

CD127+ 

Tissues, afferent 

lymphatics 
CCR7-, CD62L- 

Sallusto et al. 2014 

[19] 

Trm CD103+, CD69+, CD122- Tissue Resident 
CCR7-, CD62L-, 

S1pr1, CXCL10+ 

Schenkel et al. 2014 

[17], Yenyuwadee 

et al. 2022 [20] 

This conceptualized Tm subsets parsed into three main functional subsets (Tcm, Tem and Trm) 

have unique membrane markers and distinctive homing potentials [19] (Figure 2). Like naïve T cells, 

Tcm cells patrol secondary lymphoid organs (SLO) with lymph Like naïve T cells, Tcm cells patrol 

secondary lymphoid organs (SLO) with lymph nodes (LNs) and white pulp of spleen, as both are 

guided by LN-homing CD62L, C-C-chemokine receptor-type 7 (CCR7), and sphingosine-1-

phosphate receptor-1 (S1pr1) molecules [21,22] (Figure 2A). In response to vaccine (or other antigen) 

naïve T and Tcm cells expand by proliferation and differentiate into CD62L−CCR7− T effector cells 

(Teff) and Teff memory (Tem); in this process Teff/Tem cells change their homing receptors to migrate 

from SLO to multiple tissues searching for infection sites to eliminate viruses/bacteria/parasite 

infections (Figure 2B). Like Teff cells, but much faster, Tem cells proliferate and expand into different 

functions subsets, including cytotoxic T (Tc) CTL cells [23,24]. After depleting LN homing receptors 

CD62L and CCR7, Tem cells recirculate between blood and non-lymphoid tissues (NLT). Upon 

extravasating into tissues, human Tem cells also lose CD45RA but retain CD25 (IL-2a receptor chain), 

CD45RO, and CD127 (IL-7 receptor chain), which are important in cell trafficking, as they enter 

tissue through blood and exit tissues through afferent lymphatic vessels towards LNs [11] (Figure 

2B). 
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Figure 1. Representation of different T memory (Tm) subsets. Central Tm (Tcm) cells express 

CD45RA, CD25, CXCL62L, CCR7, S1pr1 molecules; effector Tm (Tem) express CD45RO, CD25high, 

and CD127; and tissue resident Tm (Tr) express CD45RO, CD25, CD127, CXCR10high, CD69high, IL-

15Rahigh (receptor) and CD28high. 

 

Figure 2. Memory T cell subsets have a very distinct pattern of trafficking. (a) Central memory T (Tcm) 

cells recirculate between secondary lymphoid organs (SLO) which include lymph nodes (LNs) and 

spleen white pulp using blood circulation and afferent lymphatic vessels: Tcm cells express CD62L, 

CCR7 and S1pr1 recirculation molecules. (b) Effector memory T (Tem) are trafficking between tissues 

and LNs using blood stream and afferent lymphatic vessels. Tem cells down-regulate CD62L, CCR7 

and S1pr1 recirculation molecules. (c) Tissue resident memory T (Trm) are trafficking to and residing 

in tissues: Trm cells lose CD62L, CCR7 and S1sp1 recirculation chemokine molecules and express 

CXCL10 receptors to attract CD4, CD8 T and other cells expressing CCR3 molecules. 

While T cells express CCR7 to egress NLTs, Trm cells remove CCR7 to permanently reside in 

tissues [17]. CD4+ Trm cells also decrease expression of CCR7, CD62L and S1pr1 but express CXCL10 

homing signaling molecules [20]; Trm cells release CXCL10 chemokine to attract CXCR3 receptor-
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expressing CD4+/CD8+ functional T and other cells [25] (Figure 2C). Each of these Tm subsets, 

generated and preserved after vaccination, form an immune umbrella in SLO and NLT areas against 

viral/bacterial/parasite infections. The Tm immune umbrella is supported by networks of Bm cells 

producing vaccine-specific antibodies. 

3. The Role of Treg Cells in Immune Response to Vaccines 

3.1. General Description of T Regulatory Cells 

The concept of suppressive lymphocytes suggested in 1970s [26] was explored intensely for 

organ transplantation in 1980s in rats as CD4+ and CD8+ cells [27]. The first more specific marker was 

identified as an IL-2 receptor chain (CD25) described 13 years later in mice [28]. Extensive search 

for a unique marker for Treg cells resulted in a discovery, simultaneously by several groups, that 

CD4+CD25+ T cells had also immunosuppressive function in humans [29–31]. The same CD4+CD25+ 

Treg cells were identified to express a master regulator of the immunosuppressive pathway, named 

the forkhead box P3 (Foxp3) transcription factor [32,33]. As shown in Table 2, the most stable 

CD4+CD25+Foxp3+ Tregs are produced in the thymus as thymus-derived Tregs, (tTregs) or natural 

Tregs (nTregs). 

Table 2. Functioning T regulatory cells and their markers. 

T regulatory 

cells 
Origin Markers References 

tTreg Thymus (central) 
CCR7, CD45RA, CD31, SELL, NRP1, 

Foxp3+ 

Luo, Xue, Wang et al. 2019 

[34], 

pTreg Peripheral 
GATA3, IRF4, RORC, TBX21, HELIOS, 

Foxp3+ 

Zheng, Wang, Horwitz et al. 

2008 [35] 

iTreg Peripheral 
Treg-specific demethylation region 

(TSDR), Foxp3+ 

Zheng, Wang, Horwitz et al. 

2008 [35] 

Th1-Treg Peripheral CXCR, Tbet, Foxp3+ Halim et al. 2017 [36] 

Th2-Treg Peripheral IL-4, IL-13, IRF4, Foxp3+ Halim et al. 2017 [36] 

Th17-Treg Peripheral 
CD161, CCR6+, IL17A, IL23R, IL-12Rβ2, 

Fox3p+ 
Romagnani et al. 2009 [37] 

Tfh-Treg Peripheral CXCR5, Bcl-6, IL-21, Foxp3+ Chung et al. 2011 [38] 

Tr1 Peripheral IL-10, CD49b, Lag3, Foxp– Suhrkamp et al. 2023 [39] 

Tr35 Peripheral 
IL-35, IL-10, p35, EB13, IL-12b2, gp130, 

Foxp3- 

Yang, Dong, Zhong et al. 

2024 [40] 

Another important population of CD4+CD25+Foxp3+ T cells developed in non-thymic peripheral 

tissues as peripheral Tregs (pTregs). Besides, Tregs can be induced (iTregs) in vitro by beads coated 

with anti-CD3/CD28 monoclonal antibodies (mAbs) combined with an appropriate concentration of 

IL-2 and transforming growth factor-β (TGF-β) [34,35]. According to their functional profile and 

regardless of their thymic or peripheral origin, two main populations of Tregs have also been 

characterized: naïve-like central Tregs (cTregs) and effector Tregs (eTregs), also known as activated 

Tregs or effector memory Tregs [41]. Upon antigen stimulation, cTregs differentiate into eTregs which 

are identified by either CD62Llow CD44high or CCR7low CD44high phenotypes. These eTregs also express 

higher levels of cytotoxic T-lymphocyte associated protein 4 (CTLA-4) and inducible T cell co-

stimulator (ICOS) molecules compared to cTregs [41,42]. Most of eTregs migrate to NLTs and 

especially to inflammatory NLT sites to down-regulate immune response and maintain an immune 

homeostatic balance among other T cells, thus contributing to tissue repair and regeneration [43,44]. 

As other T cells, eTregs migrate to NLTs by increasing the expression of homing chemokine receptors 

(CCR4, CCR6, and CCR10) and adhesion molecules (KLRG1 and CD103) but losing the expression 

recirculation markers (CD62L and CCR7) [41,42]. Overall, these different Tregs are maintaining an 

immune balance (homeostasis) in SLO and NLT areas are depicted in Figure 3. 
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3.2. CD4+CD25+Foxp3+ Treg Cells 

Different CD4+CD25+Foxp3+ Treg subsets have their own patterns expressing Foxp3 master 

regulator influencing their stability and affecting their suppressive prowess [28]. Constant expression 

of CD25 (IL-2R receptor chain) competes for free IL-2 raising the activation threshold for other 

competing T cells, creating an additional regulatory tool [45] (Figure 3A). Although Tregs account for 

only 3–10% of the peripheral CD4+ T cells, they are crucial for maintaining self-tolerance and 

homeostatic immune balance during response to vaccines and other antigens. They secrete anti-

inflammatory cytokines such as IL-10, IL-35, and TGF-β to inhibit immune cells in a contact-

independent manner [46,47]. These local environmental mechanisms restrict the proliferation and 

activation of effector and memory T cells [48]. Tregs also suppress immune cells through contact-

dependent mechanisms involving co-stimulatory molecules, such as CTLA-4 binding to CTLA-4L on 

antigen presenting cells (APCs), as well as programmed cell death protein 1 (PD-1) binding to PD-1 

Ligand (PD-L1) [49–51] (Table 2). As depicted in Figure 4, there are co-stimulatory and co-inhibitory 

molecules expressed on T cells and APC, which are actively involved in regulating an immune 

response to vaccines. Thus, multiple regulatory mechanisms affect vaccination efficacy, which 

originally were designed to prevent the occurrence of excessive immune responses resulted in 

autoimmune diseases [52,53]. The vaccination--designed to build an ironclad immune umbrella--may 

be prevented/diminished in certain conditions, such as older age, immunocompromised immune 

system, and active continuous immunosuppression like in organ transplant recipients. 

 

Figure 3. Diversity of Treg subsets involved in regulation of the immune response to vaccines. (A) 

Foxp3-expressing Tregs (cTregs) are divided into central thymus-derived Tregs; peripheral Foxp3-

expressing Tregs (pTregs) and Foxp3-expressing induced Tregs (iTregs). (B) Transitional Foxp3-

expressing Tregs are emerging when Tregs are functioning in Th1, Th2, Th17 or Tfh environment: 

Tregs are transformed to Th1-Treg, Th2-Treg, Th17-Treg and Tfh-Treg cells, when they are exposed 

to lineage-specific cytokine environment. (C) Foxp3- IL-10-producing Tr1 cells and IL-35-producing 

Tr35 cells are potent regulators of the immune response. All these T regulatory subsets express unique 

regulatory molecules (CTLA, ICOS, LAG-3 and PD-1) which bind to their respective ligands on APCs. 

3.3. Transient Functional Treg Cell Subsets 

In addition to tTregs [54], pTreg and iTreg cells [55,56], there are Treg subsets transiently 

transformed from CD4+ Foxp3+ Tregs when they are operating in the neighborhood of different Th 

(T helper) subsets [57] (Figure 3B). Like conventional CD4+ T cells (Figure 5A), Tregs in Th1-plarized 

environment upregulates Tbet transcription factor (TF) to become Tbet+Foxp3+ Th1-Tregs [58] (Figure 

5B). In similar fashion, Th2-type condition drives GATA3 TF in Tegs to induce Th2-Tregs, Th17-type 
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cytokines drive RORgt TF expression in Tregs to switch to Th17-Treg, and Tfh-type environment 

induce Bcl6 TF to convert to Tfh-Tregs [38,59] (Figure 5B). These changes include homing receptors 

as Th1-Tregs become CXCR3+Tbet+Foxp3+ and Th2-Tregs CCR8+GATA3+Foxp3+ subsets [36]. 

Plasticity of Th1-Treg is even more complex as GATA3high TF is regulated by the presence of 

epigenetic master gene histone deacetylase 6 (HDAC6)high and B-cell lymphoma 6 (Bcl6)Low TFs 

converting them into the traditional APC-Treg lineage [60,61]. Thus, high levels of Foxp3 and HDAC6 

TFs with low level of Bcl6 TF is regulated by GATA3 TF levels switching between Th1-Treg and APC-

Treg cells [60,61]. Similar plasticity control other transient Tregs: Tfh-Treg cells suppress Tfh cells [62] 

when Tfh and Tfh-Treg cells, localized in germinal centers, influencing the level/quality of vaccine-

specific IgG and IgA antibody production [63]. Defects in Tfh-Treg cells were associated with 

antibody accumulation and the occurrence of autoimmune diseases [38,64,65]. Also, Th17 cells 

transdifferentiated into Th17-Treg cells during the resolution of inflammation [66]. These and other 

Treg subsets are summarized in Table 2 and Figures 2 and 5), as their plasticity contributes to the 

complexity of immune regulation, including vaccination. 

 

Figure 4. Multiple co-stimulatory and co-regulatory immune membrane receptors on T cells and their 

respective ligands on APCs define T cell functional characteristics. During activation T cell is triggered 

by the recognition of antigen-associated HLA complexes: the intensity and duration of T cell 

responses remains under the control of co-signaling molecules that shape T cell responses through 

co-stimulatory or co-inhibitory signals. (A) co-stimulatory receptors include CD28, inducible 

costimulatory molecule (ICOS), glucocorticoid-induced TNF receptor family-related protein (GITR), 

TNF receptor superfamily member 4 (OX40), and TNF receptor superfamily member 9 (4-1BB). T cells 

receive inhibitory instructions through cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) that 

competitively binds to CD80/86 and lymphocyte activation gene-3 (LAG-3) that competitively binds 

to major histocompatibility complex II (MHC II). (B) Several co-inhibitory receptors finetune T-cell 

activation, expansion, and function including T cell Immunoglobulin and ITIM domain (TIGIT) 

binding to CD122 or CD155 and CD96 binding to CD155 or CD111. In addition, inhibitory receptors 

express late during T cell stimulation are implicated in T cell exhaustion: T cell immunoglobulin and 

mucin domain 3 (TIM-3) binds to carcino-embryonic antigen cell adhesion molecule 1 (CEACAM-1) 

or Galectin-9; B and T Lymphocyte Attenuator (BTLA) binds to Herpesvirus entry mediator (HVEM); 

and programmed cell death protein-1 (PD-1) recognizes PD-L1 and PD-L2. 

3.4. Tr1 and Tr35 Cells 

Classical Tr1 cells are characterized as an IL-10-producing CD4+Foxp3− phenotype subset with a 

potent suppressive function [39] (Figure 3C). Their regulatory prowess also relies on producing IL-
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35 and TGF- and expressing down-regulatory molecules lymphocyte activation gene 3 (LAG-3), 

ICOS and PD-1, like Tregs [67]. Current knowledge about Tr1 cells was expanded as they are 

heterogenous but with a common feature of IL-10 production. There are already identified the 

eomesodermin (EOMES) TF-expressing IL-10/IFN- co-producing Tr1-like cells [39,68]. The dynamic 

functional shift was described for IL-10-producing Th17 cells [69]. The transient function of IL-17-

producing proinflammatory Th17 cells was identified as Th17-Tr1 cells switched into transiently IL-

10/IL-17-releasing Th17 cells and then further transformed into Tr1 cells with high levels of IL-10, 

which played the role in immune regulation [69]. Plasticity of IL-10-producing Tr1 vs. IL-17-

secreeting Th17 cells show an example of regulatory complexity [39]. Another subset of Tr35 cells 

producing suppressive IL-35 inhibits dendritic cells (DCs) and T cells, including proinflammatory 

Th1 and Th17 cells [40] (Figure 3C). Furthermore, IL-35 has not only suppressive function, but express 

CTLA4, ICOS and PD-1 [70], as it also promotes the proliferation of other Treg cells, expansion of 

Tr35 cells, as well as production of IL-10 and expansion of Tr1 cells, while downregulating the 

production of pro-inflammatory IL-17 and Th17 cells [40]. This very complex picture of regulatory 

networks plays critical role in shaping the vaccination environment. 

 

Figure 5. Balance between Tregs/Tr1 cells vs. Tm/Teff subsets (homeostasis) prior, during and after 

vaccination determine vaccination efficacy. Dominant Tregs/Tr1 cells vs. Tm/Teff subsets prior to, 

during, and after vaccination significantly decreases the efficacy of vaccination in normal but 

especially in older and immunocompromised individuals (upper row). Normal Tregs/Tr1 cells vs. 

Tm/Teff subsets prior to, during, and after vaccination is optimal for the efficacy of vaccination in 

healthy individuals but may produce substandard vaccination’s efficacy in older and 

immunocompromised individuals (upper row). Low Tregs/Tr1 cells vs. Tm/Teff subsets prior to, 

during, and after vaccination may be beneficial for the efficacy of vaccination in healthy individuals 

but may need to be produced by therapeutic intervention to improve the vaccination efficacy in older 

and immunocompromised individuals (upper row). 

4. Regulatory T Cells Down-Regulate the Immune Response to Vaccines 

4.1. Pre-Vaccination Treg Levels Affects Vaccination Efficacy 

Based on multiple observations, vaccination programs for elderly in Europe and United States 

recommend higher doses, novel adjuvants, and early vaccination schedules [71]. Most convincing 

results showed that elderly subjects, having higher levels of Tregs prior to influenza vaccination, 

were associated with lower immune responses (reviewed in [72]) (Figure 6). 
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Figure 6. Foxp3+ Treg subsets are transformed into Th1-Treg, Th2-Treg, Th17-Treg and Tfh-Treg cells. 

(a) Thymus-derived cTreg cells have stable expression of Foxp3 whereas pTregs and iTregs have 

unstable expression of Foxp3. (b) In the Th1 environment Treg subsets express T-bet TF and change 

into Th1-Tregs; in the Th2 environment Tregs express GATA3 TF and transform into Th2-Tregs; in 

the Th17 environment Tregs express RORγ3 and transform into Th17-Tregs; and in the Tfh 

environment Tregs express Bcl6 TF and transform to Tfh-Tregs. All transient subsets regulate their 

respective Th functional cells. 

When individuals over 60-year-old were vaccinated against influenza virus they became divided 

into responders and non-responders [73]. Non-responders showed a tendency for higher frequency 

of Tregs and the relative increase in Tregs was associated with poor response to influenza vaccine. 

However, it is fair to state that pre-vaccination Treg levels are influencing vaccination efficacy not 

only in elderly but in other people, especially those with an immunocompromised immune status 

such as organ transplant recipients. 

Deleterious effect of pre-vaccination levels of Tregs on vaccine efficacy is excessively manifested 

in elderly people. During ageing thymus undergoes dramatic involution, resulting in a fraction of 

functional thymic tissues remaining among people over 70 years old [74]. Such changes coincide with 

the general reduction in new T-cell differentiation in the thymus. Surprising observation was not 

fewer T cells in SLO, but a disproportionate elevation of Tregs in SLO of aged mice [75,76]. This 

accumulation of tissue-residing Tregs shifted the balance towards down-regulation, effectively 

lowering the possibility for a frisk immune response after vaccination (reviewed in [72]). A subset of 

tTregs (natural; nTregs) accumulated predominantly in LNs (lymph nodes) of SLO in mice while 

iTreg levels declined [77]. 

Similar conclusions about Tregs during ageing were reported in mice and humans [78–82]. One 

representative analysis of Treg blood levels in humans demonstrated 2.5% of CD4+CD25+ and 4.4% 

CD4+Foxp3+ Tregs in young person (<30-year-old) vs. 3.4% CD4+CD25+ and 5.5% CD4+Foxp3+ in older 

person (>70-year-old) [78]. Combined comparison of Tregs percentages confirmed an average of 5.8 

± 0.4% in older vs. 4.4 ± 0.4% (p=0.03) in younger subjects. Elderly people with elevated pre-

vaccination levels of pre-vaccination Tregs as well as senescent T effector cells are currently 

recommended for higher doses of vaccines against influenza, pneumococcal disease, herpes zoster, 

as well as additional booster shots against tetanus, diphtheria, and pertussis [83]. 

In the same fashion, anti-herpes vaccine (Zestavax), which is a live-attenuated virus, was poorly 

effective in older adults because of Tregs reduced the efficacy of vaccination in elderly subjects 

[72,84]. Since primary vaccine responses are mostly poor in older people, inducing a diminished long-

term protection, novel approaches are being considered to reduce the risk of infection (see section 
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below about Methods to improve vaccination). Summary of pre-vaccination evidence for the role of 

Treg/Tr1 cells are listed in Table 3. 

Table 3. Published studies about the impact of Treg on vaccine efficiency. 

Type Clinically approved vaccines Vaccines under development 

Model 
Human observational 

study or clinical trial 

Mouse Treg 

depletion 

Human 

observational study 

or clinical trial 

Mouse Treg 

depletion 

Message 

High Treg levels are 

detrimental to vaccine 

efficacy 

Treg depletion 

rescues 

vaccination 

Tregs presence is 

detrimental to 

vaccine efficacy 

Treg depletion 

rescues vaccination 

References

Macatangay et al. 2010 

[85]; 

Ndure et al. 2017 [86]; 

vander Geest, et al. 2014 

[87]; 

Wang et al. 2012 [88]. 

 

Thorburn et al. 

2013 [89]; 

Jaron et al. 2008 

[90]; 

Klages et al. 2010 

[91]. 

 

Garner-Spitzer et al. 

2013 [92]; 

Chakraborty et al 

2004 [93]. 

 

 

Wen et al. 2017 [94]; 

Lin et al. 2018 [95]; 

Toka et al. 2004 [96]; 

Mora et al. 2014 [97]; 

Weber et al. 2011 [98]; 

Liao et al. 2018 [99]. 

4.2. Presence of Tregs Affects Efficacy after Vaccines against Infectious Diseases 

Emerging experimental and clinical evidence demonstrate that the presence of Tregs, Tr1 and/or 

other regulatory T cells influences vaccination outcomes to infectious diseases in children, adults, 

and especially in older people [100] (Figure 6). The role of Tregs was investigated in pneumococcal 

vaccination, tetanus, diphtheria, and other vaccines concluding that Tregs play a critical part in 

shaping the immune response against vaccines [84]. In addition to adults and elderly, the same 

review reported one study in infants wherein Tregs suppressed an antibody response to measles but 

not to diphtheria-tetanus-pertussis (DTP) vaccine [84]. Thus, classical CD4+CD25+ Foxp3+ Tregs 

inhibit immune responses to several vaccines during and after vaccination [100]. Elaborate network 

of Tregs and Tr1-type cells were described for coronavirus disease 2019 (COVID-19) vaccination with 

mRNA vaccines [101,102]. 

Live-attenuated Streptococcus pneumoniae (S. pneumoniae) vaccine (SPY1) induced Tregs, which 

down-regulated Th2/Th17 immune responses to SPY1 vaccine. Interestingly, Treg response was 

complex when the analysis extended from the vaccination effect to post-vaccination challenge with 

S. pneumoniae infection. The protective effect produced by SPY1 vaccine was modulated by the 

injection of synthetic peptide (P17; representing S. pneumoniae antigen), which down-regulated Treg 

response [103]; P17 peptide treatment inhibited an increased levels IL-10 and IL-6 in SPY1 vaccine-

immunized mice. Such maneuver with P17 peptide resulted in more severe pulmonary injury and 

worse survivals explained by an active participation of Tregs in alleviating of S. pneumoniae-induced 

damage by strong (possibly excessive) immune response. This experiment revealed the duality of 

roles played by Tregs during vaccination vs. post-vaccination challenge with Staphylococcus infection. 

Detailed analysis revealed that TGF--dependent Smad2/3 signaling pathways was actively involved 

[84,103]. SPY1 vaccination activated Foxp3 increasing the frequency of CD4+CD25+Foxp3+ Tregs 

during vaccination; SPY1 elevated Smad2/3 and phosphor-Smad2/3 down-regulated a negative 

signal by Smad7 during live bacterial infection (Smad 1-9 regulate TGF- receptor signaling) [104]. 

This complex signaling was reversed by the injection of P17 peptide, revealing the opposite roles 

played by Tregs during vaccination compared to infection [103]. Thus, while vaccine-induced 

immune response predicts vaccine efficacy modulated by Tregs, the exact role of Tregs during an 

infection seems to be complex and remains obscure. New approaches such as proteomics, genomics, 

and transcriptomics need to be explored to unravel at a single-cell level the complexity of regulation 

by T cells prior to, during, and after vaccination vs. infection [105]. 

Leishmaniasis (LZ), a parasitic Leishmania major (L. major) protozoa-caused disease, may be 

prevented in 90% of mice by a very low dose (not infectious) of intradermal (ID) inoculation with live 
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L. major [106]. After L. major infection, mice developed specific Th1-type immune response and that 

was significantly boosted by previous vaccination with killed parasites. Aged mice (>30-month-old) 

showed a doubled number of Tregs in LNs while slightly elevated in spleen and blood [106]; Tregs 

from old Foxp3-GFP knockout mice exhibited higher level of suppression than young mice, which 

was associated with poor reactivation to L. major infection because Tregs suppressed the IFN--

producing Th1 response. Consequently, the role of Tregs in L. major vs. S. pneumoniae infection is very 

different: they aggravated infection by parasites while protected mice form powerful lung damage 

by S. pneumoniae. 

Several other papers revealed that the presence of Tregs impeded vaccination efficacy to 

infectious agents [101,107,108]. Recent study showed how Tegs interfered with COVID-19 mRNA 

vaccination efficiency [101]. The expansion of both Tcm and Tem was impeded after mRNA 

vaccination by CD4+CD25high Treg cells expressing CCR6 chemokine receptors, which decreased the 

SARS-CoV-2 IgG production. Furthermore, booster mRNA vaccination did not affect the number of 

Tregs, persistently reducing the mRNA vaccination efficacy. Treg cells suppressed IFN--producing 

SARS-CoV-2-specific Th1 cells. 

Another analysis for post-vaccination Tregs against Helicobacter pylori (H. pylori) concluded that 

reduction of Tregs improved the anti-H. pylori vaccination efficacy [107]. The immune response to H. 

pylori entailed Th1, Th17 and Treg cells, while vaccination produced significant reduction in H. pylori 

colonization levels. Different strategies were entertained during vaccination with consideration for 

boosting Th1/Th17 response and minimizing Treg response. 

Research on influenza vaccination in mice showed that the expansion of CD4+Foxp3+ Tregs did 

not alter the primary B cell response but rather suppressed the primary and memory Th1 responses, 

which are vital for a robust immune defense [109]. The study also showed that human Tregs may 

transiently express Foxp3 and convert from CD25− to CD25+ after homeostatic expansion, with high 

CD127 (IL-7 receptor) expression indicating an activation status. The role of Tregs in the immune 

response to influenza vaccination was also demonstrated to be mediated through the secretion of IL-

10, IL-35, and TGF-β [109]. These findings suggest that Tregs modulate the immune environment by 

positively and negatively regulating the effectiveness of influenza vaccines. Variation in effective 

vaccination underlines the role of multiple factors but Treg-based regulation needs exploration as 

one of the main players, which may be modified for the benefit of potent vaccination. Summary of 

post-vaccination evidence for the role of Treg/Tr1 cells are listed in Table 3. The impact of Treg/Tr1 

balance with dominance of regulation on vaccination outcomes in presented in Figure 6. Potent 

Treg/Tr1 levels correlates with deficiency in vaccination efficacy predominantly in older individuals 

and immunocompromised patients; normal Treg/Tr1 levels are also disadvantage for 

immunosuppressed individuals; and, low Treg/Tr1 levels need to be achieved by therapeutic 

intervention to decrease the regulation (Figure 6). 

4.3. Presence of Tregs Affects Efficacy after Vaccines against Cancer 

The therapeutic vaccination against cancer has been divulged with a huge number of 

prospects in individualized therapy [110]. Among other technological challenges, the 

neutralization of Tregs and other regulations proved to be a necessary step for successful 

outcomes [110,111]. For example, one study highlighted regulatory challenge in vaccination with 

melanoma-peptide or melanoma-lysate loaded to antigen presenting cells (APCs; cancer 

antigen/APC vaccine). Such vaccination produced a robust antigen-specific CTL response reaching 

the CTL peak expansion at day 7 but quickly contracted at day 28, a disappointing failure in therapy 

[93]. This dramatic change was attributed to an apoptosis of CTLs but also to a needless expansion of 

IL-10-producing CD4+CD25+ Tregs. The difficulty of eliciting a strong CTL response against 

melanoma self-antigens is obviously underscored by an active peripheral tolerance maintained 

continuously by CD4+CD25+Foxp3+ cTregs/pTregs [93]. 

As previously documented PD-1 (programmed cell death protein 1) expression impeded 

vaccination against tumor development [108]. A combined vaccination against tumor with an 

administration of anti-PD-1 mAb reduced Tregs and enhanced effector Tm cells. In cancer vaccination 
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trials the efficacy was nuanced by Tregs as selective Treg depletion was continuously associated with 

an enhanced anti-tumor response [105]. Research shifted now onto identifying tumor antigens less 

affected by Treg suppression and to targeting Tregs with antibodies against different immune 

checkpoints, opening new avenues for enhancing vaccine efficacy [105]. 

Extensive studies were performed using an in vivo Foxp3+ Treg-depletion system in the bacterial 

artificial chromosome (BAC)-transgenic DEPletion of REGulatory T cells (DEREG) mouse model 

[112]. The DEREG mice express a transgenic diphtheria toxin receptor under control of the Foxp3 

locus, thus allowing selective depletion of Foxp3-expressing Tregs. When Tregs were depleted in 

such fashion, mice showed partial regression of ovalbumin (OVA)-expressing B16 melanoma cells, 

which was associated with an increased intra-tumor of activated CD8+ cytotoxic T cells (CTL) [91]. 

The antitumor effect was enhanced by Treg depletion after therapeutic vaccination against OVA 

nuanced by selective Treg elimination where vaccination against a self-antigen-bearing tumor 

evoked the most effective antitumor response [91]. To emphasize such beneficial effort, DEREG mice 

were crossed with RipOVAlow mice (expressing OVA neo–self-antigen under control of the rat insulin 

promoter). These DEREG/RipOVAlow mice displayed both prowess of Treg selective depletion and 

OVA vaccination induced against self-antigens with a potent tumor regression. Such sophisticated 

targeting of Tregs combined with a boosted vaccination promises more efficient antitumor responses 

[91]. This approach overcomes the limitation of CD25 mAb therapy, which may deplete not only 

Tregs but also activated CD25+ Tem/Tcm cells. Tumor-bearing individuals had elevated numbers of 

CD4+CD25+Foxp3+ Tregs, which made exceptionally hard to mount efficient antitumor immune 

responses [91]. Multiple experimental and clinical efforts were explored to eliminate Tregs by 

depletion with very promising results [113]. 

While continuous development of complex vaccination strategies of Treg depletion with 

boosting anti-cancer vaccines is the priority, anti-CD25 mAb therapy remains a viable option in 

multiple clinical trials [114]. However, an anti-CD25 mAb therapy was also optimized to deplete 

Tregs but preserving IL-2/Stat5 signaling of Teff (T effector) cells. It is believed that Treg depletion 

with adjuvants represent a new strategy for improving therapeutic vaccination [100]. An effective 

anti-PD-1 mAb treatment should be enriched with other anti-Treg approaches and extra boosting of 

immune response with potent therapeutic vaccines. 

4.2. Depletion of Treg Cells Improves Vaccination Efficacy 

As presented in Table 4, several experimental studies and ongoing clinical trials showed that 

elimination of Tregs improved vaccination efficacy. For example, Tregs and TGF- down-regulated 

the anti-influenza antibody response post-vaccination in mice. The depletion of Tregs by anti-CD25 

mAb increased anti-influenza specific IgG antibody levels and shifted the immune profile towards a 

protective Th1 response; these adjustments produced an effective protection against lethal influenza 

infection in mice [84]. 

There are other strategies explored as blocking Treg functions with anti-CTLA-4Ig, as well as 

anti-PD1 or anti-CD39 mAb (all markers expressed on Treg cells) restored the immune response 

against live-attenuated varicella-zoster virus (VZV; zoster herpes vaccine; Zostavax) vaccination. The 

reactivated VZV virus, which is responsible for chickenpox, is causing painful rash with blisters 

followed by chronic pain (shingles). The same work showed that an addition of Shingrix, an immune 

adjuvanted VZV glycoprotein E subunit (gE), was highly effective in overpowering the inhibitory 

effects of Tregs in mice vaccinated with Zostavax [84,115]. 

A pneumococcal vaccine (PCV) conjugated to increase its efficacy elevated Tregs in lung-

draining lymph nodes, lungs, and spleen; these Tregs suppressed Teff (T effector) cells in response 

to PCV. When mice treated with anti-CD25 mAb revered suppression, the experiments confirming 

that Tregs actively modulated the immune response to PCV [84]. 

Elderly humans over 65 years old are at great risk to pathogenesis by influenza virus infection 

compared to younger individuals [94]. Indeed, although influenza vaccines provide effective 

protection in healthy young adults, protection of elderly adults was substantially decreased even 

when antibodies and Th1/Th17/Tfh cells were generated by a vaccine was specific and well-matching 
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circulating influenza viruses. When analysis was conducted with virus-like particle vaccines in aged 

mice, injection of anti-CD25 mAbs down-regulated CD25+ Tregs increasing the levels of antibody 

response in aged mice [94]. Furthermore, the IgG and Th profiles were changed by Treg-blockage in 

aged mice. Moreover, aged mice, that were treated by anti-CD25 mAbs prior to vaccination, were 

more effectively protected against lethal influenza virus challenge [94]. 

Peptide-based influenza-specific vaccines targeting the conserved epitopes of influenza virus 

provided protection against different influenza strains, but generally they were poorly immunogenic 

[95,116]. These sub-immunogenic conditions induced potent specific Tregs, which were further 

expanded by repeated vaccination with unadjuvanted influenza peptides. Although depletion of 

vaccine-induced antigen-specific Tregs promoted influenza viral clearance in vivo, promotion of 

Tregs by weekly immunogenic peptides created significant design challenges. To overcome such 

problems, investigators immunized mice with a short single-stranded cytosine phosphoguanine 

(CpG)-adjuvanted influenza peptides by the subcutaneous (SC) injection with an intranasal boost 

dose restricting the recruitment peptide-specific Tregs in lungs, while stimulating robust T cell 

immunity. An in vivo immunization of aged mice with SC injection followed by intranasal boosting 

with CpG-adjuvanted peptides or whole-inactivated influenza vaccines fully protected mice from 

influenza virus infection [95]. In conclusion, the CpG-adjuvanted peptide vaccines provided 

heterosubtypic influenza protection (for RR8 strain with H1N1 surface protein and HKx31 strain with 

H3N2 surface protein) [117] by inhibiting Treg development and enhancing T cell immunity [95]. 

Universal influenza vaccine candidates include Multimeric-001 (M-001) with nine peptides for 

conserved immunogenic epitopes [116]. In human trials, M-001 vaccine induced robust humoral and 

cellular responses further augmented with Montanide ISA 51 VG adjuvant. 

Naturally occurring CD4+CD25+Foxp3+ Tregs dampen self- and foreign-antigen specific immune 

responses [96]. Immunity to herpes simplex virus (HSV) vaccines was significantly elevated when 

Treg response was curtailed during either primary or recall immunization. Removal of CD25+ Treg 

cells by anti-CD25 mAb prior to immunization with the CpG-enriched SSIEFARL peptide (H-2Kb 

envelope) or glycoprotein B (gB)-DNA immunization significantly enhanced CD8+ CTL response to 

the immunodominant SSIEFARL peptide [118]. Treg-depleted mice had enhanced 2- to 3-fold CD8+ 

T cell reactivity, which was evident in acute and memory stages. Depletion of CD25+ Tregs during 

the memory response doubled CD8+ Tm memory pool. These CD8+ Tm cells, generated with plasmid 

DNA in the absence of Tregs, effectively cleared the virus compared with controls [96]. The authors 

concluded that CD25+ Tregs had both quantitative and qualitative effects on CD8+ Tm cells generated 

by gB-DNA vaccination against HSV. 

More evidence supports results that CD25+ Tregs suppress priming and/or expansion of antigen-

specific CD8+ T cells during DNA vaccine immunization and that the peak CD8+ Tm response was 

enhanced by depleting Tregs [119]. More detailed analysis revealed that Tregs were involved in the 

contraction phase of CD8+ Tm cells and affected the quality of Tm pools. These authors suggested 

that the elimination of Tregs or at least their temporary inhibition during vaccination was important 

to control HBV infection by HBV-specific CTL responses in chronically infected individuals. 

Depletion of CD25+CD4+Foxp3+ Tregs enhanced the HBV-specific CD8+ Tm/CTL response primed by 

DNA vaccination [119]. 

Following SC immunization with bacille Calmette-Guerin (BCG) vaccine against infection with 

Mycobacterium tuberculosis (M. tuberculosis), the study examined whether a recruitment/expansion of 

Tregs−concomitant to the induction of anti-BCG T-cell responses−may limit the efficiency of BCG 

vaccine in mice. Four weeks following BCG vaccination the percentage of CD4+CD25+Foxp3+ Tregs 

within CD4+ cells remained constant whereas the total number of Tregs increased proportionally to 

the CD4+ T cell expansion in the draining inguinal LN [90]. A similar pattern with Tregs was observed 

in lungs after M. tuberculosis was delivered by aerosol to mice: an infection with 1 x 10 [4] colony 

forming units (CFU) of BCG or ≈100 CFU of M. tuberculosis by nasal delivery displayed an expansion 

of Tregs proportional to other T cell subsets [120]. An effective vaccination may need an attenuation 

to Tregs during vaccination, especially in immune compromised subjects [90]. 
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Another work showed that Tregs restricted vaccine-induced T cell responses in mice [97]. 

DEREG mice (diphtheria toxin (DT) depleted Foxp3) vaccinated recombinant Bordetella adenylate 

cyclase toxoid fused with an MHC-class I-restricted epitope of the circumsporozoite protein (ACT-

CSP) of Plasmodium berghei (Pb), a parasite causing malaria in rodents. The ACT-CSP construct 

introduced the CD8+ epitope of Pb-CSP into the MHC class I presentation pathway of APCs. This 

elaborate system demonstrated that the number of CSP-specific Tm cells increased only when Treg 

were depleted in DEREG mice [97]. Such depletion of Tregs augmented CSP-specific T effector cells 

against malaria. 

The number evaluation of Foxp3+ Tregs during the tick-borne encephalitis (TBE)-induced 

response showed that high responders had decreased Tregs [92]. In contradistinction, non-

responders had selectively expanded Foxp3+ Tregs after a booster TBE dose. An analysis showed that 

IL-10-producing Tr1 cells were induced upon TBE stimulation [16]. In TBE non-responders, the 

expansion of TBE-specific Tregs [121] was responsible for an increased pool of Foxp3+ Tregs. The 

same work showed that high TGF-β levels also induced iTregs. 

Another group observed the impact of expanded Tregs in non-responders to hepatitis B vaccine 

(HBV) [122,123]; these investigators showed higher numbers of Foxp3+ Tregs following HBV-booster 

dose. Interestingly, the expansion/induction of Foxp3+ Tregs among HBV non-responders occurred 

upon vaccination with other vaccines, suggesting the induction of iTregs in the presence of TGF-β 

rather than the expansion of HBV-specific Tregs after booster HBV dose. These authors argued that 

HBV–specific Tregs occurred during earlier HBV vaccinations; unspecific stimulus by other vaccines 

may resulted in decreased immune responses. Furthermore, the authors indicated that high IL-10 

levels may be attributed not only to Tregs and Tr1 cells, but also to IL-10-producing B cells, which 

were documented in multiple sclerosis [124,125], systemic lupus erythematosus [126,127], and in 

natural tolerance of renal transplants [128]. 

Human CD19+CD24highCD38high immature B cells displayed regulation via IL-10 induced by anti-

CD40 stimulation [126]. In vitro, the IL-10–producing immature B cells suppressed the proliferative 

response of HBV-specific CD8+ T cells [129]. These B regulatory cells expanded the induction of 

FOXP3+ T-regs [130], further complicating regulation after vaccination. 

Similarly to other vaccines, therapeutic vaccination against HIV-1 increased the frequency of 

CD4+CD25+Foxp3+ Tregs [85]. Consequently, Treg appearance masked an enhancement of HIV-1-

specific CD8+ CTL response. HIV-1-infected patients treated with antiretroviral therapy (n = 17) were 

enrolled in a phase I therapeutic vaccine trial with two doses of autologous DCs loaded with HIV-1 

peptides. After such vaccination, the blood frequency of CD4+CD25highFoxp3+ Tregs showed an 

increased trend to 1.2% (12/17; p = 0.06) from 0.74% in controls. Therapeutic immunization with a 

DC/HIV-1 vaccine modestly increased Tregs while significantly increased in HIV-1-specific CD8+ 

CTL [85]. Thus, Treg suppressive effect masked an increased vaccine-induced anti-HIV-1-specific 

response. 

These results as examples of vaccination against, viruses, bacteria, and protozoa, showed that 

the elimination of Tregs improves vaccination efficacy. This nay become a tool in improving 

outcomes of vaccine-induced T cell response and IgG/IgA antibody production for humans requiring 

steps for enhanced vaccination procedure because of their immunocompromised immune system. 

5. The Role of Tr1 Cells in Vaccination of Transplant Recipients 

The Tr1 cell subset was shown to regulate the immune response [39,131], including the response 

during the vaccination process [102]. Our analysis suggested that Tr1 subset represents one of the 

regulatory mechanisms affecting both humoral and cellular responses in kidney transplant (KT) 

patients (Figure 7). The frequency of IL-10-producing Tr1 (fTIL-10) was measured in KT recipients 

compared to those in healthy volunteers after vaccination against COVID-19 (Figure 7A). All patients 

were vaccinated from months to years after receiving KTs. When recipients were vaccinated with 

Moderna vaccine they displayed almost 4 times less fTIL-10 (16.9/5×10 [4]) than fTIL-10 observed in 

recipients vaccinated with Pfizer-BioNTech vaccine (p = 0.016; Figure 7B). This suggested a dominant 

regulation by Tr1 cells as our analysis showed that Th1-induced response had lower fTIFNg, fTTNFa, and 
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fTIL-2 cells (all p<0.05) as well as significantly lower anti-SARS-CoV-2 IgG production (p<0.05) in 

Pfizer-BioNTech immunized patients. Although the frequency of TTNF-α cells was independent of 

gender and age (and not race), the lower fTIL-10 was corelated with higher anti-SARS-CoV-2 IgG levels 

(p=0.046; Figure 7C). Linear regression analysest showed that the increased of Th1 correlated with 

higher IgG levels (p<0.001) and that fTTNF-α/fTIL-10 ratios reflected IgG levels (Figure 7D). This 

reciprocal interplay of Th1 and Tr1 cells influenced IgG production confirming the major role of 

regulation in COVID-19 vaccination. We proposed that the Tr1 subset was critical in regulation of 

vaccine-induced an immune response. The efficacy of vaccination most likely depends on Tr1 and 

other T regulatory cells. Furthermore, regulation may influence vaccination efficacy significantly in 

all humans but especially in immunosuppressed patients [102]. 

 

Figure 7. Evidence that the balance between Th1 and Tr1 subsets regulate the anti-SARS-CoV-2 IgG 

titer after vaccination with mRNA anti-COVID-19 vaccines. PBMCs were harvested from kidney 

transplant recipients (KT) and healthy volunteers (HC) vaccinated against COVID-19 and cytokine 

secretion measured by spot numbers in ELISpot assay. (a), IL-10 secretion levels in transplant 

recipients compared to healthy volunteers; (b) KT recipients vaccinated with the mRNA-1273 

[Moderna] (squares) produced less ELISpots than peripheral blood mononuclear cells (PBMCs) from 

KT recipients vaccinated with the Pfizer-BioNTech vaccine (triangles). (c). Correlation between IL-10 

secretion and antiviral antibody production (d). Ratio of TNF-α production to IL-10 production 

directly corelates with vaccine efficiency measured in antiviral IgG levels. 

6. Methods to Improve Vaccination Efficacy 

The following different strategies may be considered to improve vaccine effectiveness in 

immunocompromised as well as in older people, whose immune response is deficient for multiple 

reasons: 1) higher vaccine doses; 2) alternative administration routes; 3) novel adjuvants; 4) Treg 

elimination/inhibition; 5) immunomodulatory drugs; and 6) selective senolytics drugs to induce 

apoptosis in senescent cells without harming healthy cells in elderly population [83,132,133]. 
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6.1. Higher Doses and Repeated Vaccination 

The simplest approach for increasing efficacy of vaccination is to increase doses of vaccines and 

the number of boosting doses [134–138]. It became obvious during COVID-19 that kidney transplant 

recipients (KTR) needed to receive third and fourth boosting dose of mRNA vaccines to improve both 

the anti-SARS-CoV-2 IgG antibody concentration and percentage of protected transplant patients 

[138]. Out of 112 kidney transplant recipients, 83 infection naïve (IN-KTR) and 29 previously COVID-

19-infected (PI-KTR) patients, anti-spike (S1/2) antibodies were achieved in 45.8% IN-KTR and 100% 

PI-KTR. Out of those who failed in the IN-KTR group after standard two mRNA vaccine doses, the 

boosting third dose converted 47% of seronegative into seropositive patients; in addition, 66% 

vaccinated with BNT162b2 had 384.5 (144-837) binding antibody unit (BAU)/ml and 83% with 

mRNA-1273 achieved 1620 (671-2040) BAU/ml [138]. In fact, the third boosting dose is a 

recommendation for immunocompromised and elderly individuals; those over 65 years have been 

also approved by FDA to receive a triple recommended dose for influenza vaccines [139]. 

6.2. Alternative Administration Routes 

While most vaccines are delivered through intramuscular (IM) injection, intradermal (ID) 

delivery of vaccine was shown to produce better immune response to influenza vaccine [140]. Since 

influenza vaccine efficacy is suboptimal in older persons, ID vaccination may be a promising 

alternative [141]. When 257 healthy adults over 65 years received standard IM dose, reduced IM dose, 

reduced ID dose and twice reduced ID dose, their results showed that 60% of dose delivered ID had 

similar antibody response as full dose delivered IM. 

6.3. Novel Adjuvants 

Adjuvants enhance an immunogenic effect of antigens, including vaccines [142]. For example, 

the adjuvant MF59 improved the influenza vaccine in older individuals [143]. The MF59 adjuvant is 

an effective and safe oil-in-water emulsion of squalene oil [144]. An enhanced immunogenicity by 

MF59 against influenza was also shown in young children [145]. A 100-fold stronger immune 

response was observed for HBV (Hepatitis B vaccine), when it was formulated with MF59 adjuvant 

[146]. Interesting is the mechanism of MF59 action as it elicits a much more potent IgG and cell-

mediated immune response by macrophages and DCs than vaccine alone, even enhancing the 

expression of multiple homing chemokines (CCL4, CCL2, CCL5 and CXCL8) [147,148]. Another 

attractive adjuvant is AS03, which also relies on an oil-in-water emulsion including a mixture of 

squalene, a-tocopherol, and polysorbate 80 [149]. Influenza vaccine with AS03 evoked strong 

immunity in adults and infants [150,151]. Both these adjuvants may produce an advantage, especially 

during pandemic because their capability would induce a strong humoral/cellular response with 

significantly lower doses [152,153]. 

The United States military developed an adjuvant formulation out of cholesterol and liposomes 

[154], which with additional modification was effective after combining with falciparum malaria 

protein-013 vaccine against malaria [155]. It was shown that the enriched advanced military adjuvant 

(ALFQ) evoked a potent Th1/Th2-drivrn balanced immunity [156,157]. More formulations list 

virosomes as a mixture of lipids and glycoproteins; virosomes are 150 nm spherical vesicles 

embedding viral envelope proteins integrated into bilayer liposomes. They present vaccine antigens 

to both class I and II human leukocyte antigens (HLAs) inducing very strong T/B cell immune 

response [157–159]. Under consideration are other adjuvants for vaccines, namely AS04 (aluminum 

absorbed Toll-like receptor [TLR] agonist), RC-529 (sequential acid and base hydrolysis of LPS), 

mucosal adjuvants, and TLR agonists (reviewed in [142]). Effective adjuvants may substantially 

change the efficacy of vaccines for older and immunocompromised individuals including 

immunosuppressed organ transplant patients. 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 July 2024                   doi:10.20944/preprints202407.1691.v1

https://doi.org/10.20944/preprints202407.1691.v1


 16 

 

6.4. Treg Modulation to Improve Vaccine Immunogenicity 

Some strategies are based on temporary depletion of Treg/Tr1 subsets [160,161]. As described in 

detail in our review, Treg and Tr1 cells diminished vaccination effects and the reduction of regulation 

significantly improved the efficacy of vaccination. Most work and ongoing clinical trials about Treg 

elimination are reported about anti-cancer vaccines [162]. Almost 30 years of development in cancer 

vaccines resulted in current 360 active clinical trials with peptide, mRNA, DNA, and APC-based 

vaccines. To eliminate/diminish Treg cells, antibodies are used to target CD40 (found on APC and 

binds to CD40L predominantly expressed on T cells), 4-1BB (CD137 or TNF receptor superfamily 9, 

TNFRSF9), OX40 (expressed on memory and effector T cells), and PD-1 (inhibitory receptor binding 

to PD-L1) molecules [163–167]. For example, four-day administration of Daclizumab (anti-CD25 

mAb; anti-IL-2a receptor chain) depleted CD4+CD25+Foxp3+ Tregs from peripheral blood [168]. 

Temporary elimination/inhibition of Tregs may provide substantial benefits during vaccination in 

individuals prone to excessive immunosuppression and/or weak immune response. 

6.5. Immunomodulatory Agents 

Immunomodulatory drugs may be used to improve vaccination to some vaccines [169]. 

Advances in vaccinology revealed common antigenic epitopes for influenza viruses, but also the role 

for immunomodulatory agents such as signaling pathway inhibitors undergoing preclinical 

developments. The emergence of pandemic to H1N1 influenza in 2009, avian H7N9 influenza in 2013, 

and human cases with avian H5N1 influenza motivate for new approaches such as searching for 

common epitopes and immunomodulatory drugs. A promising source of immunomodulators are 

natural plant peptides, such as defensines displaying also antiviral activity and potential for synthetic 

formulation [170]. 

6.6. Senolytics Drug Therapy in Older People 

The biggest deficiency in vaccination is observed in elderly population [171]. Addition of 

senolytics drugs induces apoptosis of harmful senescent cells in older individuals without harming 

healthy cells [171]. Dasatinib, an ATP-competitive protein tyrosine kinase inhibitor, eliminated 

senescent human and mouse endothelial cells, while when administered for 5 days to old mice 

improved their heart function and following exercise maintained better heart capacity for 7 months 

[172]. 

Our review aims at emphasizing the fundamental role of regulation in vaccination process and 

their multifactorial aspects. Without a doubt vaccination remains crucial in preventive medicine of 

world-wide impact on global health as recently reminded by COVID-19 pandemic. The quality of 

vaccination depends on many aspects but one of the most obvious is the health status of people being 

vaccinated. Healthy individuals are just a fraction of those who must be vaccinated for the strategy 

to work, justifying search for most creative ways to maximize preventive effects of multiple vaccines. 

Our understanding about the role of Treg/Tr1 and regulation in general during vaccination remains 

on the top of the list for strategies to improve vaccination efficacy. 

7. Summary 

The efficacy of vaccination depends on the function vaccine-induced multiple Tm/Bm cells and 

active production/level of vaccine/virus-specific IgM/IgG/IgA antibodies. The response of naïve and 

memory T cells and B cells are actively regulated by multiple Treg subsets. The following points 

about regulation of vaccination were already established: 1) pre-vaccination levels of Tregs are 

associated with the efficacy of vaccination, especially in older population; 2) post-vaccination levels 

of cTreg, pTreg, and Tr1 cells influenced the levels of Th1 and Th17 cells; 3) reduction of Tregs by 

targeting Foxp3 in mice or reduction of Tregs with anti-CD25 mAb or anti-PD-1 mAb significantly 

increased levels of vaccine-specific Th1, Th2, Th17 subsets as well as levels of vaccine-specific IgG 

and IgA antibodies; 4) patients who have compromised immune response by immunosuppressive 

therapy displayed particularly strong effects by Tr1 suppression; 5) several experimental and clinical 
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protocols reducing Treg regulation are currently tested to improve vaccination; and 6) multiple 

methods may be used to boost vaccination efficiency in older people and immunocompromised 

patients including immunosuppressed organ transplant recipients. 

Funding: This work was funded by Penelope and Ed Peskowitz. 
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