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Abstract

There is consistent evidence showing an interplay between psychological processes
and immune function in health and disease processes. The present systematic review
and meta-analysis aimed to provide a concise overview of the effectiveness of stress-
reducing psychological interventions on the activation of immune responses in both
healthy subjects and patients. Included are three types of challenges: in vivo, in vitro, and
psychophysiological. Such challenges are designed to mimic naturally occurring immune-
related threats. A systematic literature search was conducted using PubMed, EMBASE, and
Psychlinfo, resulting in 75 eligible studies. Risk of bias was assessed with the Cochrane risk
of bias tool. Across all studies, a small to moderate effect size was found for the effects of
psychological interventions on optimizing immune function (g = .33). While largest effects
were found for in vivo immune-related challenges (especially on studies that incorporated
skin tests and wound healing), studies incorporating psychophysiological challenges and
in vitro immune-related stimulations similarly suggest more optimal immune responses
among those receiving stress-reducing interventions. These findings showed substantial
heterogeneity depending on type of challenge, study populations, and intervention types.
These data demonstrate support for the effectiveness of stress-reducing psychological
interventions in improving immunity in studies that tested immune function by means of
incorporating an in vivo, in vitro, or psychophysiological challenge.
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Introduction

Stressful events can influence functioning of the immune system (41, 167), whereby
chronic stress has mostly been found to suppress protective immune responses and
promote pathological immune responses (42-44). These immune alterations can be
expressed as slower wound healing (43, 44), impaired responses to vaccines (42), and the
progression of infectious and immune-mediated diseases (42, 46).

Various psychological interventions have been found to effectively reduce stress,
including cognitive behavioral therapy (CBT) (3), mindfulness meditation (168),
mindfulness-based stress reduction (MBSR) (142), and relaxation (168). Therefore, it has
been argued that such stress-reducing interventions may help to counteract the adverse
effects of stress on immune functioning. A previous meta-analysis, however, found
little support for an immune-optimizing potential of psychological interventions (169).
Some supporting evidence was provided by studies using conditioning and hypnosis
interventions, although the results were heterogeneous. Due to substantial variation in
immune outcomes, generalizability was uncertain (169). More specifically, the immune
outcomes in these studies varied from counting white blood cell subsets, to evaluating
cell function by activating the immune system by either in vitro methods (i.e., exposing
isolated white blood cells to immune-activating stimulus), or in vivo (i.e., stimulating an
immune response in the intact person, e.g., vaccination). Each of these methods provides
a different window and type of information on the functioning of the immune system.
Counting cells in resting state provides information on the number of immune cells in
the circulation. However, the circulation represents only a small and selective proportion
of the total cell population, is highly dynamic within individuals, and the normal range
of adequate cell numbers is rather broad. Therefore, in somatically healthy participants
cell counts are of uncertain clinical significance. On the other hand, the immune system'’s
response to activating stimuli is considered a more representative estimate of a person’s
ability to mount an adequate immune response in the face of a natural challenge, and
may be considered a more biologically valid marker of immunocompetence (170).

In the studies that are reviewed here, in vitro activations include natural killer cell
activity, stimulated lymphocyte proliferation response, and stimulated pro-inflammatory
and anti-inflammatory cytokine production (i.e., chemical challenges), whereas in vivo
stimulations include hypersensitivity responses to skin tests, time of healing of a biopsy
wound, or the extent to which a vaccine produces antibodies (i.e., physical challenges). In
addition to the above-mentioned in vitro and in vivo activations of the immune system,
psychosocial stress can also challenge the immune system (40, 41, 171, 172). Therefore,
a number of studies have evoked psychosocial stress in their participants by exposing

83 |



| Chapter5

them to psychophysiological challenges, i.e., challenges that have the potential to evoke
a psychophysiological stress response, including exposure to a psychosocial stress task,
to obtain additional information on how stress-reducing psychological interventions may
optimize the extent to which the immune system responds to these challenges (173).
A recent systematic review provided support for the effectiveness of psychological
interventions in optimizing wound healing (174). There is, however, no recent examination
of the effectiveness of stress-reducing interventions on a broader range of immune
challenges, also taking psychophysiological challenges into account.

In the last few decades, studies have evaluated how the immune system responds to
chemical, physical, and psychophysiological challenges after undergoing a stress-reducing
psychological intervention. Since there has been no systematic review of this literature,
no consensus exists on the effectiveness of stress-reducing psychological interventions
on subsequent responses to challenges to the immune system. Therefore, the aim of the
current systematic review and meta-analysis is to summarize the effectiveness of stress-
reducing psychological interventions directed at optimizing immune function, focusing on
studies incorporating various in vivo or in vitro immune-related and/or psychophysiological
stimulations/challenges into the study design. We expected that after a stress-reducing
psychologicalintervention, participants would show a more optimized immune response to
challenges as compared to participants that did not receive a stress-reducing psychological
intervention. More specifically, after the stress-reducing psychological intervention we
expected higher natural killer cell activity, higher anti-inflammatory cytokine responses,
lower pro-inflammatory cytokine responses, higher lymphocyte proliferation responses,
higher antibody responses, higher delayed-type hypersensitivity responses, as well as
faster wound healing. We analyzed the pooled effects of the three types of challenges
together, as well as separately.

Methods

This systematic review and meta-analysis was performed according to the PRISMA criteria
(175) and was registered in PROSPERO (registration number: CRD42017055722).

Inclusion and exclusion criteria

Studies were included when they met the following inclusion criteria: incorporation
of a stress-reducing psychological intervention (which was defined as having cognitive
behavior change techniques as the main component, i.e., duration more than 50% of
the intervention time, such as psychotherapy, mindfulness or relaxation); inclusion of
immune outcome measures assessed in blood or saliva (e.g., quantification of cytokines,
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lymphocytes), incorporation of immune-related and/or psychophysiological challenges
into the study design which were assessed after the start of the stress-reducing
psychological intervention, and incorporation of at least one control group without a
stress-reducing psychological intervention. Articles were excluded when they assessed
immunological functioning not by objective measurements or parameters, but when they
were, for example, solely based on self-report (e.g., self-reported infection), when they
were based on case studies, or when they had insufficient methodological or statistical
details about the immune or psychophysiological challenges or results (e.g., conference
abstracts).

Literature search strategy

A systematic search was conducted using the databases PubMed, EMBASE, and Psychinfo
until January 26, 2017. Search terms included Medical Subject Headings (MeSH) and
words from title/abstract (tiab) as qualifiers, classified in three categories: stress-
reducing psychological interventions, immune function, and immune-related as well as
psychophysiological challenges (see Supplemental Table 1 for the search strategy per
database). All retrieved references were loaded into Endnote and two independent
reviewers (LS and PC) screened the titles, abstracts, and subsequently full texts when
appropriate regarding study eligibility and relevance. The reference lists of the included
studies were additionally searched for potential eligible studies.

Data extraction

A data extraction form was used to extract relevant data from the eligible studies. Extracted
information for each study included: study population (e.g., healthy participants or
patients), participant demographics, details of the intervention and control condition, study
methodology, incorporated chemical, physical, and/or psychophysiological challenges,
immune outcome parameters, relevant outcome data, statistical analyses, and relevant
information concerning the methodological quality assessment. The information was
extracted by the two reviewers (LS, PC) independently. Discrepancies were identified and
resolved through discussion by involving one or more additional reviewer(s) (DV, JB, AE).

Methodological quality assessment in included studies

Two reviewers (LS, PC) furthermore independently assessed risk of bias (RoB) of the
included studies using the Cochrane risk of bias tool (176). The biases that were assessed
included selection bias (process of randomization and concealment of allocation),
performance bias (blinding of participants and research personnel), detection bias
(blinding of outcome assessment), reporting bias (handling of missing data), and attrition
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bias (description of reasons for withdrawal in all conditions). Biases were classified as
being low, high or unclear. Disagreements between the review authors regarding the
RoB in particular studies were resolved by discussion, with involvement of a third review
author (DV) if necessary.

Data analyses

Data were analyzed using Comprehensive Meta-Analysis software version 3.3.070 (Biostat,
Englewood, CO). Hedges g was the effect size metric that was applied on the descriptive
statistics of the study. The effect size was calculated by subtracting the pre- from the
post-immune outcome parameters in the control group and subsequently subtract this
difference score from the difference score in the intervention group, divided by the
pooled standard deviation and weighted across the number of subjects in each group.
Effect sizes of 0.2 can be considered as small, whereas 0.5 and 0.8 can be considered
as moderate and large, respectively (177). For the included studies performing within-
subjects comparisons, the correlation coefficient could not be derived and therefore a
correlation coefficient of r=.05 was imputed. In case a study contained multiple conditions
with eligible psychological interventions, these groups were combined into one single
pairwise comparison, according to the recommendations of the Cochrane handbook
(176). The pooled effects were analyzed using a random effects model, since substantial
variation was present in research characteristics (e.g., various types of challenges and
immune outcomes). Heterogeneity was assessed by evaluating the /? statistic and by
visual inspection of the forest plot. Values of 1= 25%, 50%, and 75% can be interpreted
as low, moderate, and high heterogeneity, respectively. In case the results of a study
were based on post-intervention scores only (e.g., in case of wound healing studies), the
effect size was based on the post-intervention scores. When the descriptive statistics
were not available, authors were requested to provide those data and when the data
were not provided, alternative methods were used to calculate the effect size (e.g., using
reported statistics, reported mean change scores, etc.). When studies reported that the
results were not significant, without further specifications of the outcomes, effect sizes
were computed assuming no differences between the groups (r = .00). Because this is a
rather conservative strategy that had to be applied to a substantial proportion of the data
(i.e., imputation was used in 23.8% of the cases), meta-analyses were performed with
and without those studies in order to evaluate potential bias of this method. All immune
outcomes were scaled in the direction of positive Hedges g representing an optimized
immune function.

The pooled effects of all three different types of challenges (i.e., in vitro immune-related
stimulations, in vivo immune-related challenges, and psychophysiological challenges)
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were analyzed together and separately. The in vitro immune-related stimulations were
subsequently subcategorized into natural killer cell activity (NKCA), stimulated lymphocyte
proliferation response (LPR), and stimulated cytokine production. In vivo immune-related
challenges were subdivided into wound healing, vaccine responses, and hypersensitivity
responses after skin tests. In vivo psychophysiological challenges were further subdivided
into acute and more protracted stress challenges, separately for plasma numbers of
lymphocytes (i.e., enumeration of CD4, CD8, and CD56 numbers) and cytokines (i.e.,
quantification of IL-1R, IL-6, IL-8, and TNF-a). When the outcomes of in vitro stimulations
were assessed on multiple concentrations of the stimulus (e.g., multiple effector-to-target
ratios to evaluate NKCA or various dilutions to evaluate LPR), the effect size was derived
from the concentration that most optimally differentiated conditions (i.e., the stimulus
concentrations that showed the largest differences). Planned subset analyses evaluated
the effects of different types of challenges within a specific category.

Data of at least three studies had to be available in order to conduct a meta-analysis.
Sensitivity analyses were performed concerning the reliability of the results. In order
to assess the stability of the overall effect size, it was investigated whether the effects
were similar when studies with a substantial risk of bias (i.e., studies containing at least
one classification of high risk of bias) were excluded from the analyses. In addition,
publication bias was assessed by inspection of the funnel plot and applying the trim and
fill method (178).

Results

Search results

Figure 1 shows the flow-chart of the systematic search and study selection. A total of
19,780 studies (including duplicates) were found by searching PubMed, EMBASE, and
Psychinfo. After removing duplicates and screening the studies on title and abstract, 138
articles were examined in full text by the two independent reviewers. Of these, 65 articles
fulfilled the inclusion criteria. Screening of the reference lists of the included articles
yielded 9 additional eligible studies, which were not identified in the primary search
as most of these studies did not specify immune outcome measures in the title and/or
abstract. In total, 75 studies reported in 74 articles were included.

RoB assessment

Supplemental Figure 2 presents the RoB graph and Supplemental Figure 3 the RoB
summary. Of the 75 studies, 68 (90.7%) did not provide sufficient details on the methods
used to randomize participants and 71 articles (94.7%) did not sufficiently specify the
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methods of allocation concealment (unclear RoB). RoB on performance was low for 2
articles (2.7%), due to adequate blinding procedures. In 9 articles (12.0%), participants
and/or personnel were aware of group allocation, which could have led to performance
bias (high RoB). For 26 articles (34.7%), the RoB concerning lack of blinding of participants
and personnel was low. In 35 articles (46.7%), the drop-out rates and reasons for drop-out
were sufficiently described and unrelated to the study outcomes, which resulted in a low
RoB evaluation regarding incomplete outcome data. No study protocol was available for
73 articles (96.1%), resulting in an unclear RoB regarding selective reporting.

Records identified through
database searching
(n = 19780)

y

Records after duplicates removed
(n = 14800)

Number of articles excluded
v (n=73)

Number of relevant papers
(n= 138)

A 4
.

No immune or psychological challenge (n = 24)
e No psychological intervention (n =18)

e No appropriate control condition (n = 18)
v e No full text available (n = 6)
e Lacking essential details (n = 4)

Number of articles included
(n=65) e No immunological outcome measures (n = 2)

e Data overlaps completely with other included
dataset (n=1)

A 4

New studies based on
screening reference list
(n=9)

A 4

Total number of included articles
(n=74)

Figure 1. Flowchart of the study design showing the selection process, including reasons for
exclusion.

Study selection was done by two independent reviewers.
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Study characteristics

A total of 4,141 participants took part in the 75 studies. Detailed information concerning
the study characteristics and incorporated psychological interventions are described in
Supplemental Table 2. The total individual study sample size varied between N = 12 (179)
and N =252 (180) (M=57,SD =48).In 29 studies (38.7%), healthy volunteers were included
as the study population (179, 181-207). Other samples included patients or vulnerable
adults, for example with various types of cancer (208-227), patients with HIV infection
(180, 228-232), patients with rheumatoid arthritis (173, 233-235), older adults (236-239),
patients with asthma/allergies (240-242), widows/ women who lost a close relative to
cancer (243, 244), patients with ulcerative colitis (245, 246), women with depression
after bypass surgery (247), patients with late life insomnia (248), women suffering from
infertility (249), veterans (250), and patients that underwent surgery (251). The mean age
of participants varied between 18.5 and 78.8 years. Details on age were not provided in
7 studies (9.3%). Twenty-four studies (32.0%) only included female participants, whereas
9 studies (12.0%) only included male participants. In 36 studies (48.0%), both males and
females were included. Details on gender were not reported for 6 studies (8.0%).

Type of stress-reducing psychological interventions

In total, 82 stress-reducing psychological interventions were evaluated in the 75 studies.
Most interventions (28 interventions; 34.1%), were based on relaxation or stress
management. Multicomponent cognitive-behavioral interventions were also common
and assessed in 18 cases (22.0%), including psycho-education and various cognitive and
behavioral techniques. Other interventions were based on mindfulness and/or meditation
(13 interventions; 15.9%), hypnosis (12 interventions; 14.6%), emotional disclosure (7
interventions; 8.5%), and counseling (4 interventions; 4.9%). The interventions varied in
their total duration from 1 single session to multiple sessions over a period of 12 months.
Regarding the guidance of the interventions, all interventions included face-to-face or
telephone appointments, except for 2 interventions that relied on self-practice. Of the
guided interventions, 48 (58.5%) also encouraged self-practice.

Overall immune effects

Detailed information concerning the immune-related challenges and outcomes for each
study is presented in Supplemental Table 3.

When performing an overall random-effects meta-analysis on the data, i.e., irrespective

of the incorporated challenge, an overall small to moderate effect size was found (k = 84,
g = .33 [95% ClI .22; .43]) with moderate heterogeneity across the studies (/= 59.41%).
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When excluding the studies that were set at r = .00, a slightly higher overall small to
moderate effect size was found (k = 64, g = .43 [95% Cl .30; .55, I*= 67.69%)]).

In vitro immune-related stimulations

Of the 75 studies, 52 studies (68.4%) incorporated at least one in vitro immune stimulation
test, including NKCA (32 studies), LPR (28 studies), cytokine production (10 studies), and
monocyte chemotaxis (1 study).

Figure 4 presents the forest plot on the random-effects meta-analysis for in vitro immune-
related stimulations. Overall, a small effect size was found (k = 52, g = .28 [95% Cl .15;
.42]), with moderate heterogeneity across the studies (/> = 61.43%). After excluding the
studies that were set at r = .00, a small to moderate effect size was found (k =39, g =.39
[95% CI .22; .56], F*= 70.75%). When looking at specific subgroups of in vitro immune
stimulation tests, we found a small effect size for NKCA (k = 31, g = .21 [95% Cl .06; .35],
2= 40.22%), a small to moderate effect size for LPR (k = 28, g = .35 [95% Cl .13; .57], =
73.07%), and a small to moderate effect size for cytokine production (k=9, g =.32 [95%
Cl .14; .51], P< .01%).

In vivo immune-related challenges

In vivo immune-related challenges were incorporated in the study designs of 17 studies
(22.4%), including skin testing (8 studies), vaccination (5 studies), and wound healing
(4 studies).
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In vitro i elated challenges
Study name Statistics for each study Hedges's g and 95% CI

Hedges's Lower Upper
2 limit  limit

Andersen, B. L, etal (2004). 0377 0080 0675 ==
Andersen, B. L., et al. (2007). 0.054 -0259 0.368
Andersen, B. L, et al. (2010). 0618 -0.004 1239
Antoni, M. H,, et al. (1991). 0634 -0.173 1441
Antoni, M. H., et al. (2009). 0154 -0328 04636
Arefnasab, Z., et al (2016). 1454 0767 2141 _—
Beem, E. E., et al (1999). 0000 0964 0964
Bower, ] E., etal (2003). 0100 0488 0689
Christensen, A. 1., et al. (1956). 0424 0170 1018
Coates, T. I, et al. (1989). 0073 -0412 0558
Cohen, L., etal (2011). 0318 -0.123 0.760 i
Doering, L. V., et al. (2007). 0.631 -0350 1.612 —_——
Elsenbruch, S, et al, (2003). 0000 -0734 0734 —_—
Eremin, O., et al (2009). 0226 -0210 0.661 —_E—
Fawzy, L, et al. (1990) 0.000 -0.616 0616 .
Germond, S, et al. (1993). 0.000 -1.206 1.206 —_—
Gruber, B. L., eral (1993). 1015 -0.151 2.180
Heosaka, T., et al. (2002). -0.863 -1.335 -0.391 e —
Irwin, M. R, et al. (2015). 0.621 0135 1106 —
Johnson, V. C., et al. (1996). 0113 0661 0387 ——
Kiecol-Glager, J. K, etal (1985). 0,000 -0.734 0.734 —_—
Kiecoh-Glaser, 7. K, eral (1986).  0.000 -0.687 0.487 —_—
Kiecoli-Glaser, I. K., etal (2001). 0447 -0259 1154 B E—
Koh K. B., et al (2008). 0542 -1.194  0.110
Koschwanez, H. E., etal (2013).  0.126 -0457 0.709 e —
Larson, M. R, et al. (2000). 0581 -0366 1.527 ———
Lekander, M., et al. (1997). 0107 0709 0922 —_—
Lengacher, C. A., et al. (2008). 0827 0074 1581 ——
Lengacher, C. A, eval (2013), 0277 023 0777 o —
Mawdsley, J. E., et al. (2008). 0172 -0.642 0986 —_—
McCain, N. L., et al. (2003). 0232 -0330 0.794 —1
McCain, N_ L., et al. (2008). 1929 1501 2358 ——
McGrady, A., et al (1992). 0.614 -0.092 1320 ——
MeGreger, B. A, et al. (2004). 0806 0048 1564
Mulder, C.L., et al (1995). 0057 0474 0360 ——
Naito, A, et al. (2003). 0.000 -0.734 0.734 —_—
Nelson, E. L., et al. (2008). 0.000 -0.734 0.734 —_—
Nunes, D. F. T, et al. (2007). 0000 -0.687 0.687 D
O'Leary, A., et al. (1988). 0000 -0.734 0734 —_—
Pennebaker, J. W, et al. (1988). 0705 0102 1309 e
Petrie, K. J., etal. (1995). 0.000 -0.632 0632 e s
Richardsen, M. A, etal (1997). 0.000 -0.581 0581 i el
Robinson, F. P, et al. (2003). 0802 0057 1547 ———
Savard, J., et al. (2005). 0119 -0.634 0.39
Smith, G.R., et al. (1992) 0171 -0.538 0881 ———
van der Pompe, G., et al. (1997). 0.000 -0.845 0.845 —
van der Pompe, G., et al. (2001). 0056 0734 0845 —
‘Whitehouse, W. G., et al. (1996). 0295 -0370 0965 e —
‘Witek-Janusek, L., et al (2008). 0467 -0022 0956 ==
Zachariae, B, et al. (1990). 1178 0129 2485
Zachariae, R, et al. (1554). 0051 0688 0.789 eme—
Zautra, A. I, et al. (2008). 0390 0017 0.762 ——
0281 0200 0.362 ¢
-4.00 2,00 0.00 2.00 4.00
Control Intervention

Figure 4. Forest plot of the random-effects meta-analysis on the studies incorporating in vitro
immune-related stimulations.

Positive values for g indicate more optimal immune responses in the intervention condition than in the control
condition.
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Figure 5 presents the results of the random-effects meta-analysis on the pooled effects
of in vivo immune-related challenges. A moderate effect size was found (k =17, g = .61
[95% CI .34; .88]), with high heterogeneity across the studies (/* = 74.59%). After excluding
the studies that were set at r = .00, a similar moderate effect size was found (k = 15, g =
.64, [95% CI .35; .92], I*=76.73%). When looking at specific subgroups within the in vivo
immune-related challenges, a large effect size was found for studies using skin tests (k = 8,
g =.80[95% Cl .30; 1.30], I* = 80.72%), whereas a small to moderate effect size was found
for vaccine studies (k =5, g = .37 [95% Cl -.17; .90], I’= 77.69), and a moderate to large
effect size for wound healing studies (k =4, g = .75 [95% Cl .45; 1.05], /> < 0.01%).

In vivo immune-related challenges

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Lower Upper

g limit  limit
Broadbent, E., et al. (2012). 0.641 0111 1172 ——
Davidson, R. 1., et al. (2003). 0.644 0.013 1275 f——
Fry, L., et al. (1964) 3463 2.030 4.896 = |
Green, M. L., et al. (1988). 0.652 0.016 1.288 pr—
Hayney, M. S., et al. (2014). 0218 -0.169 0.604 B
Kem-Buell, C. L., et al. (2000). 2487 1216 3.757
Koschwanez, H. E., etal. (2013). 0726 0.053 1.400 —
Locke, 5. E., et al. (1987). 0.000 -0.616 0.616 —p—
Moynihan, J. A., et al. {2013). 0.191 0.082 0330 | |
Petrie, K. I, et al. (1995). 0.607 -0.015 1228 ———
Rosenkranz, M. A, etal. (2013). 0892 0314 1471 _—
Smith, G.R., et al. (1992) 0430 -0.293 1.154 p—
Stetler, C., et al. (2006). -0.641 -1.214 -0.088 )
Vedhara, K., et al. (2003). 1126 0425 1.828 M—
Weinman, J., et al. (2008). 0.757 0.095 1.420 —
Witt, K. (2003). 0.336 -0.218 0.891 S
Zachariae, R., et al. (1989). 1.082 -0.056 2219
0335 0.231 0439 &
-4.00 -2.00 0.00 2.00 4.00

Control Intervention

Figure 5. Forest plot of the random-effects meta-analysis on the studies incorporating in vivo
immune-related challenges.

Positive values for g indicate more optimal immune responses in the intervention condition than in the control
condition.

Psychophysiological challenges

In 16 studies (19.7%), a psychophysiological challenge was incorporated, whereby acute
challenges included a speech task, exams, cold pressor test, and treadmill exercise test (10
studies), and challenges of a more protracted character, including academic stress and HIV
serostatus notification (6 studies).
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In Figure 6, the results of the random-effects meta-analysis on the pooled effects of
psychophysiological challenges is shown. One study was not included in the meta-
analysis as the outcomes were only based on in vitro LPR stimulation, instead of plasma
measurements T-cell enumeration or cytokine quantification. Overall, no effect was found
(k =15, g = .18 [95% CI .01; .35], I*< .01), whereas a small effect size was found when
excluding the studies that were set at r = .00 (k = 10, g = .28 [95% CI .07; .49], I’< .01).
When assessing studies that incorporated enumeration of lymphocyte subsets after a
psychophysiological challenge (i.e., CD4, CD8, CD56), a small to moderate effect size was
found for studies incorporating a more protracted stress challenge (k=4, g =.33 [95% Cl =
-0.06;.72], I’=1.68%). For acute stress challenges, there were not enough studies available
that had incorporated those markers in order to evaluate the effects after an acute stress
challenge (k = 2). For studies that incorporated plasma cytokine measurements (i.e., IL-1R,
IL-6, IL-8, TNF-a) after a psychophysiological challenge, a small effect size was described
in studies incorporating an acute challenge (k = 4, g = .22 [95% Cl -.04; .49], I*< .01%),
whereas no studies incorporated those markers to evaluate the effects after a more
protracted stress challenge.

Psychophysiological challenges

Study name Statisties for eath study Hedges's gand 95% CI
Hedges's Lower Upper
£ limit  limit
Antoni, M. H., et al. (1991). 0.965 -0.00¢ 1.938
de Brouwer, 8. J., etal. (2013). 0.249 -0.228 0.727
Esterling, B. A., et al. (1992). 0.000 -0.49! 0.492
Goodin, B. R., et al. (2012). 0.368 -0.41! 1.147
Gruzelier, 1., et al. (2001a). 0.513 -0.231 1.259
Gruzelier, 1., et al. (2001b) 0.207 -0.55 0.966
Kaliman, P., et al. (2014). 0.095 -0.51i 0.705

Kiecolt-Glaser, J. K., etal. (1986).  0.000 -0.68" 0.687
Kiecolt-Glaser, . K., etal. (2001).  -0.026 -0.69i 0.644

Naito, A., et al. (2003), 0265 -0.544 1074
Pace, T. W,, et al. (2009). 0.462 -0.047 0.971
Rosenkranz, M. A., et al. (2013). 0.000 -0.569 0.569
Solberg, E. E,, et al. (1995). 0.000 -1.206 1.206

wvan der Pompe, G., et al. (2001). <0.019 -0.809 0.771
Whitehouse, W, G., et al. (1996). 0.000 -0.677 0.677
0.183 0013 0353

Control Intervention

Figure 6. Forest plot of the random-effects meta-analysis on the studies incorporating
psychophysiological challenges.

Positive values for g indicate more optimal immune responses in the intervention condition than in the control
condition.
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Sensitivity analyses

Risk of bias within studies

When studies with a presumed high risk of bias were excluded from the analyses, 23 of
84 outcomes were excluded. However, the overall effect size was not substantially altered
(k=61, g =.34[95% Cl .20; .48]).

Publication bias

The funnel plot is displayed in Figure 7 and suggests presence of publication bias. The
trim and fill method indicates that 12 studies were expected to be missing with below-
average effects, as indicated by the black dots. When imputing those studies, the effect
size decreased to g =.21 [95% CI .09; .32]).

Funnel plot of standard error by Hedges's g
0.0

02

Standard error
s
-

X3

0

Hedges's g

Figure 7. Funnel plot of standardized differences in mean by Hedges g.
Discussion

Over the last few decades, studies have evaluated the effectiveness of stress-reducing
psychological interventions on immune function by incorporating chemical, physical,
and psychophysiological challenges into the study design. These challenges are thought
to present a biologically more valid reflection on the effectiveness of stress-reducing
psychological interventions in optimizing immune function as compared to counting
cells (170, 252, 253). The present systematic review and meta-analysis, for the first time,
summarized immune-related outcomes after a chemical, physical, or psychophysiological
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challenge following a stress-reducing psychological intervention in both healthy subjects
and patients.

Overall, the findings demonstrated a small to moderate (heterogeneous) positive
effect size for optimizing immune function. As a conservative method was applied to
handle studies that reported no significant results without further specifying the actual
group differences, the overall effect size possibly represents a slightly underestimated
effect size. While the largest effects were found for in vivo immune-related challenges
(especially on studies that incorporated skin tests and wound healing), studies
incorporating psychophysiological challenges and in vitro immune-related stimulations
similarly suggest more optimal immune responses among those receiving stress-
reducing interventions.

When focusing on in vitro immune-related stimulations, small effect sizes were found.
Studies were highly diverse regarding source of material and technical details of the
stimulation. For example, studies varied in the target of stimulation (e.g., stimulation of
T-cells, NK cells), the types of outcomes (e.g., proliferation, cytokine production, killing
monocytes) and the types of concentrations and duration of stimuli. Likewise, a subset of
studies stimulated whole blood, hereby performing tests in a biologically normal blood-
plasma context, whereas others stimulated peripheral blood mononuclear cells (PBMCs),
whereby tests are performed in artificial buffer solutions. Therefore, whole blood
stimulations comprise a rather diverse range of cell populations (for example neutrophils,
eosinophil’s, etc.), whereas the cell populations in PBMCs are more well-defined, resulting
in different environments of stimulation. In addition, important details were often lacking
from the methods section, such as concentrations used or which type of immune cells were
stimulated, while such aspects may substantially influence the results. Future studies are
therefore encouraged to report more carefully on the methodological details. This could,
for example, be acquired by applying a standard format for reporting the methodology,
such as the Minimum Information About a Microarray Experiment (MIAME) guidelines
(254) or the Minimal Information About T cell Assays (MIATA) standard (255). In addition,
since in vitro stimulations are applied outside the body, those challenges may comprise a
less biologically relevant valid representation of real-life immune threats as compared to
in vivo challenges, although in vitro immune-related stimulations are easier to implement
into the study design.

When focusing on in vivo immune-related challenges, studies on skin tests and

wound healing found largest effect sizes and were mostly based on evaluating wound
size alteration, instead of quantitative immune outcome measures. These outcome
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parameters contain a rather unidirectional and straightforward representation of immune
function (i.e., faster wound healing represents a more optimal immune response). Thus,
of allimmune-related challenges examined, most convincing evidence is found for stress-
reducing psychological interventions optimizing immune performance in case of wound
healing and skin-based tests. Even though these immune-related challenges probably
represent a general stimulation of immune performance, this could imply that stress-
reducing interventions could be particularly clinically relevant for patients with immune-
related skin conditions, such as patients that recover from inflammation-sensitive surgical
wounds. Contrary to these findings, only a small to moderate effect size was found for
vaccines. Due to the small number of studies that incorporated a vaccine (5 studies), and
variation in the type of incorporated vaccines and included time points (influenza vaccines,
but also one study with a Hepatitis B vaccine incorporating various measurement points),
the present meta-analysis could not provide a conclusive view on this subcategory of in
vivo immune-related challenges. As few studies incorporated a vaccine, future research
would be helpful to further elucidate the effects of psychological interventions on in vivo
immune-related challenges, particularly in the area of vaccination and related immune
outcomes.

For studies incorporating psychophysiological challenges, small effect sizes on immune
measures were found when incorporating acute challenges (e.g., exam stress), and small
to moderate effect sizes were found when incorporating chronic stressors (e.g., academic
stress). Although the data did not seem to display high statistical heterogeneity, the
incorporated challenges and immune outcome parameters were highly diverse across
studies. More specifically, studies included acute challenges such as exams, speech tasks
(some accompanied with or without a mental arithmetic task), a treadmill exercise test,
and a cold pressor task, as well as more protracted stress challenges such as serostatus
notification for individuals undergoing HIV testing and academic stress experienced by
students during an examination period. Since the findings of the present study were
based on a small number of studies with mostly limited ecological validity of the stressors,
i.e., only some included challenges represented chronic stress as experienced by people
in daily life, future work should focus on incorporating stressors with high external validity
(e.g., social-evaluative stressors for socially anxious subjects or more daily-life chronic
stress such as rumination) in order to evaluate the effects of psychological interventions
on immune function (40).

Most the studies that incorporated psychophysiological challenges involved healthy

participants (14 out of 17 studies). As healthy participants are supposed to have a well-
functioning immune system, they are expected to show responses within the normal range
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to standard immune system challenges, also in absence of a stress-reducing psychological
intervention (167). The challenging situation to which these healthy participants are
exposed therefore must be powerful enough to detect any relevant alterations in immune
function in response to a psychological intervention. It is possible that combining a
psychophysiological challenge with an in vivo immune-related challenge can boost the
effects of the separate challenges and possibly provide healthy participants with a more
robust immune system challenge. Only one study in the present systematic review and
meta-analysis combined an in vivo immune-related challenge, i.e., suction blisters on the
volar forearm, with a psychophysiological challenge, i.e., a Trier Social Stress Test (TSST),
to evaluate the effects of a stress-reducing psychological intervention (200). In this study,
participants who received a stress-reducing mindfulness intervention showed a lower
post-stress (i.e., post-TSST) inflammatory response to the in vivo immune-related and
psychophysiological challenges compared to a control group that received a control health
enhancement program. The incorporation of both an in vivo immune-related challenge
and a psychophysiological challenge provides a more elaborate view on the underlying
processes of immune function after a psychological intervention, i.e., evaluating immune
function after activating the immune system through different challenges that can
boost each other’s effectiveness. Future studies may consider incorporating multiple
challenges in their design when examining immune function in healthy participants in
order to hypothetically provide them with a rather robust challenge (256). Due to the
heterogeneity that was observed in the included studies, we were not able to analyze the
healthy participant studies and somatic patient studies separately. Future studies should
systematically incorporate challenges to evaluate the effectiveness of a psychological
intervention on immune function and adequately match the incorporated challenge(s)
with the included study population, in order to gather a more homogeneous view
on this topic.

Regarding the effective components of stress-reducing psychological interventions, no
strong conclusions can be drawn at this point due to the substantial heterogeneity in
the incorporated intervention elements across studies, including duration and number of
sessions, intervention target, and ways of guidance (e.g., self-practice, structured guided
sessions, etc.). An exploratory evaluation of the data, however, showed that multiple
studies explored the role of self-practice during the intervention (e.g., completing
homework assignments) for immune outcomes (181, 183, 186, 191, 192, 197, 200,
204, 213, 220, 223, 251). Most of these studies found a positive association between
frequency of self-practice and optimized immune outcomes (181, 191, 192, 197, 200,
213, 223). Although we could not formally test this observation in our meta-analysis due
to substantial heterogeneity in study designs (e.g., selection of immune outcomes and
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differences in level of details concerning the specification of self-practice frequency), these
findings possibly point to the importance of engaging participants with components of the
psychological intervention. However, it is important to note that the studies included in
the present systematic review and meta-analysis varied widely in the way engagement and
the actual effectiveness of the stress-reducing psychological intervention was evaluated.
In addition, a substantial number of studies did not report on whether the intervention
was actually effective in reducing stress, making it hard to take this factor into account in
our analyses. For the same reason, it was not possible to control for confounding factors,
including body mass index, recent illness, female menstruation cycle, and so on. As
failures to improve immunity can be due to the fact that the stress-reducing psychological
interventions were actually not effective in reducing stress, future studies should also
carefully evaluate to what extent participants were engaged with the stress-reducing
psychological intervention, and whether these interventions were effective in reducing
stress. In addition, the present findings were based on the assumption that higher
levels of immune activation were associated with a more optimized immune response.
However, enhanced immune responses are not necessary beneficial, e.g., in the case of
inflammatory and autoimmune disorders (257). In certain cases, optimization is not based
on larger immune responses, but on normalization of immune outcomes. Future studies
should therefore take the health consequences of the immune response into account
when evaluating the effectiveness of a psychological intervention on immune function.
Note that as the aim of a stress-reducing psychological intervention is to optimize health
outcomes by stress reduction, it would be most relevant to recruit individuals that
experience chronic stress with a substantial impact on immune function to evaluate the
effectiveness of stress-reducing psychological interventions (169). In addition, future
studies should focus on unraveling the effective intervention components in optimizing
immune responses by evaluating the effectiveness of intervention components separately,
but also in combination with each other.

In conclusion, the present systematic review and meta-analysis provided evidence for
the effects of stress-reducing interventions in optimizing immune function when immune
outcomes were evaluated by utilizing tests that apply challenges to the immune system.
While consistent evidence came from studies that evaluated immune function through an
in vivo immune-related challenge, specifically studies incorporating skin tests and studies
on wound healing, similar but smaller effect sizes were found for in vitro immune-related
stimulations and immune responses to psychophysiological challenges. Due to the large
heterogeneity in study designs, there is a need for future research that incorporates
immune- and psychophysiological challenges, as these have a high external validity and
are suited for possible clinical applications in immune-related diseases. Studies in healthy
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participants have to make sure that the immune challenge is robust enough, for example
by combining separate challenges. Finally, future studies should carefully report on the
methodological details according to standardized guidelines, including the actual stress-
reducing effectiveness of the psychological interventions, and appropriate interpretation
of the immune outcomes. This can result in further insights on the immune outcomes
that are responsive for change as well as a thorough view on the effective intervention
components to optimize immune responses in the short and longer term.
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Supplemental material

Supplemental Table 1. Search terms for Pubmed, EMBASE and Psychinfo.

Pubmed

((“CD3”[tiab] OR “CD4”[tiab] OR “CD8”[tiab] OR “CD11a”[tiab] OR “CD11b"[tiab] OR “CD16”[tiab]
OR “CD14”[tiab] OR “CD19”[tiab] OR “CD20”[tiab] OR “CD54”[tiab] OR “CD56”[tiab] OR
“CD16/56”[tiab] OR “CD56/16”[tiab] OR “CD62”[tiab] OR “CD62L”[tiab] OR “CD64”[tiab] OR
“CD45”[tiab] OR “CD45RA”[tiab] OR “CD45R0”[tiab] OR “CD57”[tiab] OR “Antigens, CD”[Mesh]
OR T cell*[tiab] OR T-cell*[tiab] OR Lymphocyt*[tiab] OR “T-Lymphocytes”[Mesh] OR “T
helper”[tiab] OR “Lymphocytes”[Mesh] OR “T-lymphocytes”[Mesh] OR “T-Lymphocytes, Helper-
Inducer”[Mesh] OR cytotoxic cell*[tiab] OR helper cell*[tiab] OR B cell*[tiab] OR B-cell*[tiab]
OR “B-Lymphocytes”[Mesh] OR “B-lymphocytes”[Mesh] OR plasma cell*[tiab] OR Natural
killer*[tiab] OR NK cell*[tiab] OR Treg*[tiab] OR “Th1”[tiab] OR “Th2”[tiab] OR “Th1/Th2”[tiab] OR
“Th17”[tiab] OR Monocyt*[tiab] OR macrophag*[tiab] OR Granulocyt*[tiab] OR Neutrophil*[tiab]
OR “PMN”[tiab] OR “polymorphonuclear”[tiab] OR Basophil*[tiab] OR eosinophil*[tiab] OR mast
cell*[tiab] OR leukocyt*[tiab] OR leucocyt*[tiab] OR “ICAM-1"[tiab] OR “large granular”[tiab]
OR suppressor cell*[tiab] OR “L-selectin”[tiab] OR “E-selectin”[tiab] OR “Cell adhesion”[tiab]
OR “plasma cells”"[Mesh] OR “Killer Cells, Natural”[Mesh] OR “Monocytes”[Mesh] OR
“macrophages”[Mesh] OR “Granulocytes”[Mesh] OR “Neutrophils”[Mesh] OR “Basophils”[Mesh]
OR “eosinophils”[Mesh] OR “leukocytes”[Mesh] OR “mast cells”[Mesh] OR “immune”[tiab] OR
“immune system”[Mesh] OR immunol*[tiab]) AND (“vaccination”[Mesh] OR “vaccines”[Mesh]
OR vaccin*[tiab] OR “vaccin”[Supplementary Concept] OR “booster injections”[tiab] OR “antibody
titers”[tiab] OR “antibody titres”[tiab] OR “antigen-specific”[tiab] OR “immunoglobulin”[tiab] OR
“lgG”[tiab] OR “IgM” [tiab] OR “IgA”[tiab] OR “sIgA”[tiab] OR “s-IgA”[tiab] OR “wound healing” [tiab]
OR “biopsy”[tiab] OR “wound repair”[tiab] OR “Wound healing”[Mesh] OR “blister”[tiab]
OR “surgical wound”[tiab] OR “tape stripping”[tiab] OR “Blister/chemically induced”[Mesh]
OR “Blister/immunology”[Mesh] OR “Hypersensitivity, Delayed”[Mesh] OR “mast cell”[tiab]
OR “atopic”[tiab] OR allerg*[tiab] OR “induced asthma”[tiab] OR “virus”[tiab] OR “common
cold”[tiab] OR skin respons*[tiab] OR “Rash”[tiab] OR skin lesion*[tiab] OR Skin test*[tiab] OR
Intradermal Test*[tiab] OR “Hypersensitivity”[tiab] OR “Allergens”[Mesh] OR “Hypersensitivity,
immediate”[Mesh] OR “DTH”[tiab] OR “skin prick test”[tiab] OR “Capsaicin”[tiab] OR “Capsaicin/
pharmacology”[Mesh] OR “immune tolerance”[Mesh] OR “immunosuppression”[Mesh] OR
“IgE”[tiab] OR “endotoxemia”[tiab] OR myobact*[tiab] OR “lipopolysaccharide injection”[tiab]
OR “immunosuppression”[tiab] OR “neurogenic inflammation”[tiab] OR “Inflammation/
psychology”[Mesh] OR “viral challenge”[tiab] OR “viral reactivation”[tiab] OR “EBV”[tiab] OR
“Epstein-Barr”[tiab] OR “HSV”[tiab] OR “herpes simplex”[tiab] OR “herpes zoster”[tiab] OR
“CMV”[tiab] OR “cytomegalovirus”[tiab] OR “VZV”[tiab] OR “Varicella-Zoster”[tiab] OR aphthous
ulcer*[tiab] OR aphthous lesion*[tiab] OR genital lesion*[tiab] OR “Herpes Zoster”[Mesh] OR
Shingle*[tiab] OR herpes lesion*[tiab] OR “reactivation”[tiab] OR “apoptosis”[tiab] OR “lysis”[tiab]
OR “killer activity”[tiab] OR “cytotoxicity”[tiab] OR “CD107”[tiab] OR adhesion molecule*[tiab] OR
“PHA”[tiab] OR “phytohemagglutinin”[tiab] OR “PMA”[tiab] OR “phorbol myristate-acetate” [tiab]
OR “PWM”[tiab] OR pokeweed mitogen*[tiab] OR “ConA”[tiab] OR “concanavalin A”[tiab] OR
“SEB”[tiab] OR “Staphylococcal enterotoxin B”[tiab] OR “cell migration”[tiab] OR “Mitogens”[Mesh]
OR mitogen*[tiab] OR “cell proliferation”[Mesh] OR “Proliferation”[tiab] OR chemota*[tiab] OR
chemokin*[tiab] OR Lipopolysaccharide*[tiab] OR “Lipopolysaccharides”[Mesh] OR “LPS”[tiab]
OR “gene expression”[tiab] OR “DNA-repair”[tiab] OR “histamine”[tiab] OR “complement”[tiab]
OR “degranulation”[tiab] OR phagocyt*[tiab] OR pinocyt*[tiab] OR “antigen”[tiab] OR “ IL-2"[tiab]
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OR “IL-4”[tiab] OR “IL-17”[tiab] OR “inflammation”[Mesh] OR inflamm*[tiab] OR cytokin*[tiab]
OR interleukin*[tiab] OR “interleukins”[Mesh] OR “IL-1B”[tiab] OR “IL-1 Beta”[tiab] OR “IL-
6”[tiab] OR “IL-10”[tiab] OR “IL-12”[tiab] OR “IL-8”[tiab] OR “sIL6R”[tiab] OR “IL-18"[tiab]
OR “soluble receptor”[tiab] OR “TNF-alpha”[tiab] OR TNFalpha*[tiab] OR “Tumor necrosis
factor alpha”[tiab] OR “MIF”[tiab] OR “Macrophage inhibitory factor”[tiab] OR “CRP”[tiab] OR
“C-reactive protein”[tiab] OR “beta-microglobulin”[tiab] OR “interferon”[tiab] OR IFN*[tiab] OR
“acute phase response”[tiab] OR “acute phase proteins”[tiab] OR “acute phase protein”[tiab]
OR “serum amyloid A”[tiab] OR “SAA”[tiab] OR complement factor*[tiab] OR “complement
activation”[tiab] OR “immune challenge”[tiab] OR “L-selectin”[tiab] OR “E-selectin”[tiab] OR
“sCD62L"[tiab] OR “sCD62E”[tiab] OR “Psychological Stress”[tiab] OR “Trier Social Stress Test”[tiab]
OR “TSST”[tiab] OR “perceived stress”[tiab] OR “examination stress”[tiab] OR “arithmetic
task”[tiab] OR “arithmetic test”[tiab] OR “mental arithmetic”[tiab] OR “cold pressor”[tiab] OR
“mirror tracing”[tiab] OR “mock job interview”[tiab] OR “PASAT”[tiab] OR “anger recall task”[tiab]
OR “anger recall test”[tiab] OR “public speaking”[tiab] OR “oral presentation”[tiab] OR “Auditory
serial addition task”[tiab] OR “Auditory serial addition test”[tiab] OR “stroop task”[tiab] OR “stroop
test”[tiab] OR laboratory stress*[tiab] OR laboratory challenge*[tiab] OR acute stress*[tiab]
OR “speech task”[tiab] OR “speech test”[tiab] OR “public speech task”[tiab] OR “public speech
test”[tiab] OR speech stress*[tiab] OR cognitive stress*[tiab] OR “cognitive challenge”[tiab] OR
mental stress*[tiab] OR “stress induced”[tiab] OR “Stress, psychological”’[Mesh] OR “Stress,
physiological”[Mesh] OR “stress-evoked cortisol response”[tiab] OR “combat training”[tiab] OR
bungee jump*[tiab] OR parachute jump*[tiab]) AND (“Hypnosis”[tiab] OR “Hypnosis”[Mesh] OR
“Self Disclosure”[Mesh] OR Psychotherap*[tiab] OR “psychotherapy”[Mesh] OR “Writing” [tiab]
OR “Relaxation Therapy”[tiab] OR “Meditation”[Mesh] OR “Conditioning”[tiab] OR “Conditioning
Psychology”[Mesh] OR “stress management”[tiab] OR “disclosure”[tiab] OR “mindfulness
practice”[tiab] OR “Expressive writing”[tiab] OR “Cognitive behavioral therapy”[tiab] OR “cognitive-
behaviour therapy”[tiab] OR “cognitive-behavior therapy”[tiab] OR “cognitive-behavioural
therapy”[tiab] OR “cognitive-behavioral therapy”[tiab] OR “relaxation”[tiab] OR “Guided
imagery”[tiab] OR “CBT”[tiab] OR “Behavior Therapy”[Mesh] OR “psychoeducational”[tiab]
OR “psychoeducation”[tiab] OR “psycho-educational”[tiab] OR “psycho-education”[tiab]
OR “Counseling”[Mesh] OR “counselling”[tiab] OR “counseling”[tiab] OR ((“therapy”[tiab]
OR “therapies”[tiab] OR treatment*[tiab]) AND (“cognitive”[tiab] OR “behavior”[tiab] OR
“behavioral”’[tiab] OR “behaviour”[tiab] OR “behavioural”’[tiab] OR “conditioning”[tiab] OR
“cognition”[tiab])) OR “behavior modification”[tiab] OR “behaviour modification”[tiab] OR
conditioning therap*[tiab] OR “conditioning treatment”[tiab] OR cognition therap*[tiab]
OR “cognitive treatment”[tiab])) AND (english[la] OR dutch[la]) NOT (“Animals”[mesh] NOT
“Humans”[mesh])
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EMBASE

((“CD3".ti,ab OR “CD4".ti,ab OR “CD8".ti,ab OR “CD11a”.ti,ab OR “CD11b".ti,ab OR “CD16".ti,ab
OR “CD14".ti,ab OR “CD19”.ti,ab OR “CD20".ti,ab OR “CD54".ti,ab OR “CD56".ti,ab OR “CD16/56".
ti,ab OR “CD56/16”.ti,ab OR “CD62”.ti,ab OR “CD62L”.ti,ab OR “CD64”.ti,ab OR “CD45”.ti,ab OR
“CD45RA”.ti,ab OR “CD45RO”.ti,ab OR “CD57”.ti,ab OR exp *”leukocyte antigen”/ OR T cell*.
ti,ab OR T-cell*.ti,ab OR Lymphocyt*.ti,ab OR exp *”T Lymphocyte”/ OR “T helper”.ti,ab OR exp
*”Lymphocyte”/ OR cytotoxic cell*.ti,ab OR helper cell*.ti,ab OR B cell*.ti,ab OR B-cell*.ti,ab OR exp
*”B Lymphocyte”/ OR plasma cell*.ti,ab OR Natural killer*.ti,ab OR NK cell*.ti,ab OR Treg*.ti,ab OR
“Th1”.ti,ab OR “Th2”.ti,ab OR “Th1/Th2”.ti,ab OR “Th17”.ti,ab OR Monocyt*.ti,ab OR macrophag*.
ti,ab OR Granulocyt*.ti,ab OR Neutrophil*.ti,ab OR “PMN".ti,ab OR “polymorphonuclear”.ti,ab
OR Basophil*.ti,ab OR eosinophil*.ti,ab OR mast cell*.ti,ab OR leukocyt*.ti,ab OR leucocyt*.ti,ab
OR “ICAM-1".ti,ab OR “large granular”.ti,ab OR suppressor cell*.ti,ab OR “L-selectin”.ti,ab OR
“E-selectin”.ti,ab OR “Cell adhesion”.ti,ab OR exp *”plasma cell”/ OR “Natural Killer Cell”/ OR exp
*”Monocyte”/ OR exp *”macrophage”/ OR exp *”Granulocyte”/ OR exp *”Neutrophil”/ OR exp
*”Basophil”’/ OR exp *”eosinophil”/ OR exp *”leukocyte”/ OR exp *”mast cell”/ OR “immune”.ti,ab
OR exp *”immune system”/ OR immunol*.ti,ab) AND (exp *”vaccination”/ OR exp *”vaccine”/ OR
vaccin*.ti,ab OR “booster injections”.ti,ab OR “antibody titers”.ti,ab OR “antibody titres”.ti,ab OR
“antigen-specific”.ti,ab OR “immunoglobulin”.ti,ab OR “IgG”.ti,ab OR “IgM".ti,ab OR “IgA”.ti,ab OR
“slgA”.ti,ab OR “s-IgA”.ti,ab OR “wound healing”.ti,ab OR “biopsy”.ti,ab OR “wound repair”.ti,ab
OR exp *”Wound healing”/ OR “blister”.ti,ab OR “surgical wound”.ti,ab OR “tape stripping”.ti,ab
OR exp *”Delayed Hypersensitivity”/ OR “mast cell”.ti,ab OR “atopic”.ti,ab OR allerg*.ti,ab OR
“induced asthma”.ti,ab OR “virus”.ti,ab OR “common cold”.ti,ab OR skin respons*.ti,ab OR “Rash”.
ti,ab OR skin lesion*.ti,ab OR Skin test*.ti,ab OR Intradermal Test*.ti,ab OR “Hypersensitivity”.
ti,ab OR exp *"Allergen”/ OR exp *”immediate type hypersensitivity”/ OR “DTH”.ti,ab OR “skin
prick test”.ti,ab OR “Capsaicin”.ti,ab OR “capsaicin”/pd OR exp *”immunological tolerance”/
OR *”immunosuppressive treatment”/ OR “IgE”.ti,ab OR “endotoxemia”.ti,ab OR myobact*.
ti,ab OR “lipopolysaccharide injection”.tiab OR “immunosuppression”.tiab OR “neurogenic
inflammation”.ti,ab OR “viral challenge”.tiab OR “viral reactivation”.ti,ab OR “EBV”.ti,ab OR
“Epstein-Barr”.ti,ab OR “HSV”.ti,ab OR “herpes simplex”.ti,ab OR “herpes zoster”.ti,ab OR “CMV".
ti,ab OR “cytomegalovirus”.ti,ab OR “VZV”.ti,ab OR “Varicella-Zoster”.ti,ab OR aphthous ulcer*.
ti,ab OR aphthous lesion*.ti,ab OR genital lesion*.ti,ab OR exp *”Herpes Zoster”/ OR Shingle*.
ti,ab OR herpes lesion*.ti,ab OR “reactivation”.ti,ab OR “apoptosis”.ti,ab OR “lysis”.ti,ab OR “killer
activity”.ti,ab OR “cytotoxicity”.ti,ab OR “CD107”.ti,ab OR adhesion molecule*.ti,ab OR “PHA”".
ti,ab OR “phytohemagglutinin”.tiab OR “PMA”".ti,ab OR “phorbol myristate-acetate”.ti,ab OR
“PWM”.ti,ab OR pokeweed mitogen*.ti,ab OR “ConA”.ti,ab OR “concanavalin A”.ti,ab OR “SEB”.
ti,ab OR “Staphylococcal enterotoxin B”.ti,ab OR “cell migration”.ti,ab OR *”mitogenic agent”/
OR *”pokeweed mitogen”/ OR mitogen*.ti,ab OR *”cell proliferation”/ OR “Proliferation”.ti,ab OR
chemota*.ti,ab OR chemokin*.ti,ab OR Lipopolysaccharide*.ti,ab OR exp *”Lipopolysaccharide”/
OR “LPS"ti,ab OR “gene expression”.ti,ab OR “DNA-repair”.tiab OR “histamine”.ti,ab OR
“complement”.ti,ab OR “degranulation”.ti,ab OR phagocyt*.ti,ab OR pinocyt*.ti,ab OR “antigen”.
ti,ab OR “ IL-2”.ti,ab OR “IL-4”.ti,ab OR “IL-17".ti,ab OR exp *”inflammation”/ OR inflamm*.ti,ab
OR cytokin*.ti,ab OR interleukin*.ti,ab OR exp *”cytokine”/ OR “IL-1B".ti,ab OR “IL-1 Beta”.ti,ab
OR “IL-6".ti,ab OR “IL-10".ti,ab OR “IL-12".ti,ab OR “IL-8".ti,ab OR “sIL6R”.ti,ab OR “IL-18".ti,ab
OR “soluble receptor”.ti,ab OR “TNF-alpha”.ti,ab OR TNFalpha*.ti,ab OR “Tumor necrosis factor
alpha”.ti,ab OR “MIF”.ti,ab OR “Macrophage inhibitory factor”.ti,ab OR “CRP”.ti,ab OR “C-reactive
protein”.ti,ab OR “beta-microglobulin”.ti,ab OR “interferon”.ti,ab OR IFN*.ti,ab OR “acute phase
response”.ti,ab OR “acute phase proteins”.ti,ab OR “acute phase protein”.ti,ab OR “serum amyloid
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A”.ti,ab OR “SAA”.ti,ab OR complement factor*.ti,ab OR “complement activation”.ti,ab OR “immune
challenge”.ti,ab OR “L-selectin”.ti,ab OR “E-selectin”.ti,ab OR “sCD62L".ti,ab OR “sCD62E”.ti,ab OR
“Psychological Stress”.ti,ab OR “Trier Social Stress Test”.ti,ab OR “TSST".ti,ab OR “perceived stress”.
ti,ab OR “examination stress”.ti,ab OR “arithmetic task”.ti,ab OR “arithmetic test”.ti,ab OR “mental
arithmetic”.ti,ab OR “cold pressor”.ti,ab OR “mirror tracing”.ti,ab OR “mock job interview”.ti,ab
OR “PASAT”.ti,ab OR “anger recall task”.ti,ab OR “anger recall test”.ti,ab OR “public speaking”.ti,ab
OR “oral presentation”.ti,ab OR “Auditory serial addition task”.ti,ab OR “Auditory serial addition
test”.ti,ab OR “stroop task”.ti,ab OR “stroop test”.ti,ab OR laboratory stress*.ti,ab OR laboratory
challenge*.ti,ab OR acute stress*.ti,ab OR “speech task”.ti,ab OR “speech test”.ti,ab OR “public
speech task”.ti,ab OR “public speech test”.ti,ab OR speech stress*.ti,ab OR cognitive stress*.ti,ab
OR “cognitive challenge”.ti,ab OR mental stress*.ti,ab OR “stress induced”.ti,ab OR *”physiological
stress”/ OR *”Mental Stress”/ OR *”acute stress”/ OR “behavioral stress”/ OR “stress-evoked
cortisol response”.ti,ab OR “combat training”.ti,ab OR bungee jump¥*.ti,ab OR parachute jump¥*.
ti,ab) AND (“Hypnosis”.ti,ab OR *”Hypnosis”/ OR “Self Disclosure”/ OR Psychotherap*.ti,ab OR
exp *”psychotherapy”/ OR “Writing”.ti,ab OR “Relaxation Therapy”.ti,ab OR *”Meditation”/ OR
“Conditioning”.ti,ab OR exp *”Conditioning”/ OR “stress management”.ti,ab OR “disclosure”.ti,ab
OR “mindfulness practice”.ti,ab OR “Expressive writing”.ti,ab OR “Cognitive behavioral therapy”.
ti,ab OR “cognitive-behaviour therapy”.ti,ab OR “cognitive-behavior therapy”.ti,ab OR “cognitive-
behavioural therapy”.ti,ab OR “cognitive-behavioral therapy”.tiab OR “relaxation”.tiab OR
“Guided imagery”.ti,ab OR “CBT”.ti,ab OR exp *”Behavior Therapy”/ OR “psychoeducational”.
ti,ab OR “psychoeducation”.ti,ab OR “psycho-educational”.ti,ab OR “psycho-education”.ti,ab OR
((exp *”Counseling”/ OR “counselling”.ti,ab OR “counseling”.ti,ab) NOT (“genetic counseling”/
OR “genetic counselling”.ti,ab OR “genetic counseling”.ti,ab)) OR ((“therapy”.ti,ab OR “therapies”.
ti,ab OR treatment*.ti,ab) ADJ3 (“cognitive”.tiab OR “behavior”.tiab OR “behavioral”.ti,ab
OR “behaviour”.ti,ab OR “behavioural”.ti,ab OR “conditioning”.ti,ab OR “cognition”.ti,ab)) OR
“behavior modification”.ti,ab OR “behaviour modification”.ti,ab OR conditioning therap*.ti,ab OR
“conditioning treatment”.ti,ab OR cognition therap*.ti,ab OR “cognitive treatment”.ti,ab)) AND
(english OR dutch).la AND exp “Humans”/ NOT (conference review OR conference abstract).pt
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(TI CD3 OR AB CD3 OR TI CD4 OR AB CD4 OR TI CD8 OR AB CD8 OR TI CD11a OR AB CD11a ORTI
CD11b ORABCD11b ORTICD16 ORABCD16 ORTICD14 ORABCD14 ORTICD19 ORABCD19 ORTI
CD20 OR AB CD20 OR TI CD54 OR AB CD54 OR TI CD56 OR AB CD56 OR TI CD16/56 OR AB CD16/56
OR Tl CD56/16 OR AB CD56/16 OR Tl CD62 OR AB CD62 OR Tl CD62L OR AB CD62L OR Tl CD64
OR AB CD64 OR Tl CD45 OR AB CD45 OR Tl CD45RA OR AB CD45RA OR TI CD45R0 OR AB CD45R0O
OR TI CD57 OR AB CD57 OR DE “Antigens” OR DE “Immunologic Factors” OR DE “Antibodies” OR
DE “Antigens” OR DE “Cytokines” OR DE “Immunodepression” OR DE “Gamma Globulin” OR DE
“Immunotoxin” OR DE “Psychoneurocimmunology” OR DE “Immunization” OR DE “Immunotoxin”
OR DE “Immune System” OR DE “Bone Marrow” OR DE “Gamma Globulin” OR TI T-cell* OR AB
T-cell* OR TI T cell* OR AB T cell* OR TI Lymphocyt* OR AB Lymphocyt* OR TI T-helper OR AB
T-helper OR DE “Leucocytes” OR DE “Lymphocytes” OR DE “Natural Killer Cells” OR TI cytotoxic
cell* OR AB cytotoxic cell* OR Tl helper cell* OR AB helper cell* OR TI B cell* OR AB B cell* OR Tl
B-cell* OR AB B-cell* OR Tl plasma cell* OR AB plasma cell* OR Tl Natural killer* OR AB Natural
killer* OR TI NK cell* OR AB NK cell* OR Tl Treg* OR AB Treg* OR TI Th1 OR AB Th1 OR TI Th2 OR
AB Th2 OR Th1/Th2 OR AB Th1/Th2 OR TI Th17 OR AB Th17 OR TI Monocyt* OR AB Monocyt*
OR TI macrophag* OR AB macrophag* OR Tl Granulocyt* OR AB Granulocyt* OR Tl Neutrophil*
OR AB Neutrophil* OR TI PMN OR AB PMN OR TI polymorphonuclear OR AB polymorphonuclear
OR TI Basophil* OR AB Basophil* OR Tl eosinophil* OR AB eosinophil* OR Tl mast cell* OR AB
mast cell* OR Tl leukocyt* OR AB leukocyt* OR Tl leucocyt* OR AB leucocyt* OR TI ICAM-1 OR AB
ICAM-1 OR Tl large granular OR AB large granular OR Tl suppressor cell* OR AB suppressor cell*
OR Tl L-selectin OR AB L-selectin OR Tl E-selectin OR AB E-selectin OR Tl Cell adhesion OR AB Cell
adhesion OR DE “Mast Cells” OR TI immune OR AB immune OR Tl immunol* OR AB immunol*
OR DE “Immune System” OR DE “Immunology”) AND (DE “immunization” OR Tl vaccin* OR AB
vaccin* OR Tl booster injections OR AB booster injections OR Tl antibody titers OR AB antibody
titers OR Tl antibody titres OR AB antibody titres OR Tl antigen-specific OR AB antigen-specific OR
Tlimmunoglobulin OR AB immunoglobulin OR Tl IgG OR AB IgG OR Tl IgM OR AB IgM OR Tl IgA OR
AB IgA OR Tl slgA OR AB sIgA OR Tl s-IgA OR AB s-IgA OR Tl wound healing OR AB wound healing
OR TI biopsy OR AB biopsy OR Tl wound repair OR AB wound repair OR Tl blister OR AB blister
OR Tl surgical wound OR AB surgical wound OR Tl tape stripping OR AB tape stripping OR Tl mast
cell OR AB mast cell OR DE “Mast Cells” OR Tl atopic OR AB atopic OR Tl allerg® OR AB allerg*
OR Tl induced asthma OR AB induced asthma OR Tl virus OR AB virus OR TI common cold OR AB
common cold OR Tl skin respons* OR AB skin respons* OR Tl rash OR AB rash OR TI skin lesion*
OR AB skin lesion* OR TI skin test* OR AB skin test* OR Tl intradermal test* OR AB intradermal
test* OR Tl hypersensitivity OR AB hypersensitivity OR DE “Antibodies” OR DE “Antigens” OR DE
“Immunoglobulins” OR DE “Immunotoxin” OR TI DTH OR AB DTH OR Tl skin prick test OR AB skin
prick test OR Tl capsaicin OR AB capsaicin OR Tl capsaicin cream OR AB capsaicin cream OR DE
“Capsaicin” OR DE “Immunodepression” OR Tl immunosuppression OR AB immunosuppression
ORTI IgE OR AB IgE OR Tl endotoxemia OR AB endotoxemia OR Tl myobact* OR AB myobact* OR
Tl lipopolysaccharide injection OR AB lipopolysaccharide injection OR TI immunosuppression OR
AB immunosuppression ORTI neurogenic inflammation OR AB neurogenic inflammation OR DE
“Inflammation” OR DE “Meningoradiculitis” OR DE “Neuroinflammation” OR DE “Inflammation”
OR Tl viral challenge OR AB viral challenge OR Tl viral reactivation OR AB viral reactivation OR
TI EBV OR AB EBV OR TI Epstein-Barr OR AB Epstein-Barr OR TI HSV OR AB HSV OR TI herpes
simplex OR AB herpes simplex OR Tl herpes zoster OR AB herpes zoster OR TI CMV OR AB CMV
OR Tl cytomegalovirus OR AB cytomegalovirus OR Tl VZV OR AB VZV OR Tl varicella-zoster OR
AB varicella-zoster OR Tl aphthous ulcer OR AB aphthous ulcer OR Tl aphthous lesion* OR AB
aphthous lesion* OR Tl genital lesion* OR AB genital lesion* OR Tl herpes zoster OR AB herpes
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zoster OR Tl shingle* OR AB shingle* OR Tl herpes lesion* OR AB herpes lesion* OR Tl reactivation
OR AB reactivation OR Tl apoptosis OR AB apoptosis OR Tl lysis OR AB lysis OR Tl killer activity
OR AB killer activity OR TI cytotoxicity OR AB cytotoxicity OR TI CD107 OR AB CD107 OR TI
adhesion molecule OR AB adhesion molecule OR TI PHA OR AB PHA OR Tl phytomegagglutinin
OR AB phytomegagglutinin OR TI PMA OR AB PMA OR Tl phorbol myristate-acetate OR AB
phorbol myristate-acetate OR TI PWM OR AB PWM OR TI pokeweed mitogen* OR AB pokeweed
mitogen™® OR TI ConA OR AB ConA OR Tl concanavalin A OR AB concanavalin A OR Tl SEB OR AB
SEB OR TI Staphylococcal enterotoxin B OR AB Staphylococcal enterotoxin B OR Tl cell migration
OR AB cell migration OR DE “Cell Migration” OR DE “Mitogen Activated Protein Kinase” OR TI
mitogen* OR AB mitogen* OR DE “Cell Proliferation” OR Tl proliferation OR AB proliferation OR Tl
chemota* OR AB chemota* OR Tl chemokin* OR AB chemokin* OR Tl Lipopolysaccharide* OR DE
“Lipopolysaccharide” OR AB Lipopolysaccharide* OR Tl LPS OR AB LPS OR Tl gene expression OR
AB gene expression OR DE “Gene Expression” OR TI DNA-repair OR AB DNA-repair OR Tl histamine
OR AB histamine OR DE “Histamine” OR TI complement OR AB complement OR Tl degranulation
OR AB degranulation OR Tl phagocyt* OR AB phagocyt* OR Tl pinocyt* OR AB pinocyt* OR TI
antigen OR AB antigen OR DE “Antigens” OR DE “Inflammation” OR Tl IL-2 OR AB IL-2 OR Tl IL-4
ORABIL-4 ORTIIL-17 OR AB IL-17 OR Tl inflamm* OR AB inflamm* OR Tl cytokin* OR AB cytokin*
OR Tl interleukin®* OR AB interleukin* OR DE “Interleukins” OR TI IL-18 OR AB IL-18 OR TI IL-1
Beta OR AB IL-1 Beta OR Tl IL-6 OR AB IL-6 OR TI IL-10 OR AB IL-10 OR Tl IL-12 OR AB IL-12 OR
TI IL-8 OR AB IL-8 OR Tl sIL6R OR AB sIL6R OR Tl IL-18 OR AB IL-18 OR Tl soluble receptor OR AB
soluble receptor OR TI TNF-alpha OR AB TNF-alpha OR Tl TNFalpha* OR AB TNFalpha OR Tl tumor
necrosis factor alpha OR AB tumor necrosis factor alpha OR DE “Tumor Necrosis Factor” OR TI
MIF OR AB MIF OR TI macrophage inhibitory factor OR AB macrophage inhibitory factor OR TI
CRP OR AB CRP OR Tl C-reactive protein OR AB C-reactive protein OR Tl beta-microglobulin OR AB
beta-microglobulin OR Tl interferon OR AB interferon OR TI IFN* OR AB IFN* OR Tl acute phase
respons* OR AB acute phase respons* OR Tl acute phase protein®* OR AB acute phase protein*
OR Tl serum amyloid A OR AB serum amyloid A OR Tl SAA OR AB SAA OR Tl complement factor*
OR AB complement factor* OR Tl complement activation OR AB complement activation OR TI
immune challenge OR AB immune challenge OR TI L-selectin OR AB L-selectin OR Tl E-selectin
OR AB E-selectin OR Tl sCD62L OR AB sCD62L OR Tl sCD62E OR AB sCD62E OR Tl Psychological
stress OR AB Psychological stress OR DE “Stress Reactions” OR Tl Trier Social Stress Test OR AB
Trier Social Stress Test OR Tl TSST OR AB TSST OR Tl perceived stress OR AB perceived stress OR
Tl examination stress OR AB examination stress OR Tl arithmetic task OR AB arithmetic task OR
Tl arithmetic test OR AB arithmetic test OR Tl mental arithmetic OR AB mental arithmetic OR
Tl cold pressor OR AB cold pressor OR Tl mirror tracing OR AB mirror tracing OR Tl mock job
interview OR AB mock job interview OR Tl PASAT OR AB PASAT OR TI anger recall task OR AB
anger recall task OR Tl anger recall test OR AB anger recall test OR Tl public speaking OR AB public
speaking OR Tl oral presentation OR AB oral presentation OR Tl Auditory serial addition task OR
AB Auditory serial addition task OR Tl Auditory serial addition test OR AB Auditory serial addition
test OR Tl Stroop task OR AB Stroop task OR Tl Stroop test OR AB Stroop test OR Tl laboratory
stress* OR AB laboratory stress* OR Tl laboratory challenge OR AB laboratory challenge OR TI
acute stress* OR AB acute stress* OR Tl speech task OR AB speech task OR Tl speech test OR
AB speech test OR Tl public speech task OR AB public speech task OR Tl public speech test OR
AB public speech test OR Tl speech stress* OR AB speech stress* OR Tl cognitive stress* OR AB
cognitive stress* OR Tl cognitive challenge OR AB cognitive challenge OR Tl mental stress* OR AB
mental stress* OR Tl stress induced OR AB stress induced OR DE “Stress” OR DE “Academic Stress”
OR DE “Environmental Stress” OR DE “Occupational Stress” OR DE “Physiological Stress” OR DE
“Psychological Stress” OR DE “Social Stress” OR DE “Stress Reactions” OR Tl stress-evoked cortisol
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response OR AB stress-evoked cortisol response OR Tl combat training OR AB combat training
OR Tl bungeejump OR AB bungeejump OR Tl parachute jump* OR AB parachute jump*) AND ((TI
*Hypnosis OR AB *Hypnosis OR DE “Hypnosis” OR DE “Hypnotherapy” OR DE “Self-Disclosure”
OR TI Psychotherap* OR AB Psychotherap* OR DE “Psychotherapy” OR TI *Writing OR AB
*Writing OR Tl *Relaxation therapy OR AB *Relaxation therapy OR DE “Relaxation Therapy” OR
DE “Progressive Relaxation Therapy” OR DE “Meditation” OR Tl Conditioning OR AB Conditioning
OR DE “Conditioning” OR DE “Classical Conditioning” OR DE “Operant Conditioning” OR TI
stress management OR AB stress management OR DE “Stress Management” OR Tl disclosure
OR AB disclosure OR TI mindfulness practice OR AB mindfulness practice OR DE “Mindfulness”
OR TI Expressive writing OR AB Expressive writing OR Tl Cognitive behavioral therapy OR AB
Cognitive behavioral therapy OR Tl cognitive-behavi* therap* OR AB cognitive-behavi* therap*
OR Tl relaxation OR AB relaxation OR Tl Guided imagery OR AB Guided imagery OR TI CBT OR
AB CBT OR DE “Behavior Therapy” OR DE “Conversion Therapy” OR DE “Dialectical Behavior
Therapy” OR DE “Exposure Therapy” OR DE “Implosive Therapy” OR DE “Reciprocal Inhibition
Therapy” OR DE “Systematic Desensitization Therapy” OR DE “Cognitive Behavior Therapy” OR
Tl psychoeducational OR AB psychoeducational OR Tl psychoeducation OR AB psychoeducation
OR DE “Psychoeducation” OR Tl psycho-educational OR AB psycho-educational OR Tl psycho-
education OR AB psycho-education OR DE “Counseling” OR DE “Educational Counseling” OR DE
“Group Counseling” OR DE “Occupational Guidance” OR DE “Psychotherapeutic Counseling”
OR DE “Rehabilitation Counseling” OR Tl counselling OR AB counselling OR Tl counseling OR AB
counseling OR ((TI therapy OR AB therapy OR Tl therapies OR AB therapies OR Tl treatment* OR
AB treatment*) AND (TI cognitive OR AB cognitive OR Tl behavior OR AB behavior OR Tl behavioral
OR AB behavioral OR TI behaviour OR AB behaviour OR Tl behavioural OR AB behavioural OR
Tl conditioning OR AB conditioning OR Tl cognition OR AB cognition OR Behavior Therapy OR
Tl behaviour modification OR AB behaviour modification OR Tl behavior modification OR AB
behavior modification OR Tl conditioning therap*)) OR DE “Conditioning” OR AB conditioning
therap* OR Tl conditioning treatment OR AB conditioning treatment OR Tl cognition therap* OR
AB cognition therap® OR Tl cognitive treatment OR AB cognitive treatment))
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Supplemental Figure 2. Risk of bias graph.

Judgements of the independent review authors about the separate risk of bias items presented as percentages
across all included studies.
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Supplemental Figure 3. Risk of bias summary.

Judgments of the independent review authors about the separate risk of bias items for each of the included

study presented as low, high or unclear.
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